



and elucidation of the catalytic mechanism























































































































































































































































































Mia40	 is	 subsequently	 re-oxidized	 by	 the	 sulfhydryl	 electron	 transferase	 Erv1.	 In	
kinetoplastida,	 such	 as	 Leishmania	 tarentolae,	 and	 in	 apicomplexan	 parasites,	 such	 as	
Plasmodium	falciparum,	no	Mia40	homolog	could	be	identified	so	far.	However,	conserved	




the	parasite	L.	 tarentolae.	Numerous	experiments	were	performed	 in	order	 to	 trap	mixed	
disulfide	 intermediates between	 the	 model	 substrate	 LtsTim1	 or	 LtErv	 and	 a	 potential	
interaction	partner.	A	variety	of	protocols	with	alkylating,	oxidizing	or	reducing	agents	did	not	
reveal	mixed	disulfides	between	LtErv	and	the	adapter	replacement	in	western	blot	analyses.	
In	 addition,	 even	with	 highly	 enriched	 LtErv	 protein	 levels	 after	 denaturing	 or	 native	 pull-
down,	 no	 mixed	 disulfide	 intermediate	 could	 be	 identified.	 In	 contrast,	 staining	 against	
LtsTim1	in	western	blot	analyses	showed	disulfide-bridged	intermediates	indicating	potential	
heterodimers	 of	 LtsTim1	 and	Mia40	 replacement	 candidates.	 However,	 an	 enrichment	 of	














and	 iron	 metabolism	 and	 are	 found	 in	 almost	 all	 organisms.	 The	 traditional	 monothiol	
mechanism	 of	 Grx catalysis	 is	 divided	 into	 an	 oxidative	 half-reaction	 with	 the	 first	
glutathionylated	 substrate	 and	 a	 reductive	 half	 reaction	 with	 the	 reduced	 tripeptide	












non-related	model	 enzyme	PfGrx.	Moreover,	 I	 could	 identify	Arg153	of	ScGrx7	 as	 another	
potential	scaffold	site	residue.	In	addition,	I	could	show	that	the	two	charge	inversion	mutants	
with	a	positively	 charged	amino	acid	of	 the	helix	3	 residues	Asp144	and	Glu147	 in	ScGrx7	
enhanced	the	interaction	with	the	second	substrate	GSH.	Hence,	the	helix	3	of	these	“gain-of-
function”	mutants	indeed	seems	to	affect	the	glutathione	activator	site.	Furthermore,	I	could	















was	 zu	 der	 Bildung	 von	 intramolekularen	 Disulfidbrücken	 führt.	 Reduziertes	 Mia40	 wird	
anschließend	 durch	 die	 Sulfhydryl-Elektronentransferase	 Erv1	 wieder	 oxidiert.	 In	 Kineto-
plastida,	wie	 Leishmania	 tarentolae	 und	 Apicomplexa	wie	Plasmodium	 falciparum,	 konnte	
bislang	kein	Mia40-Homolog	identifiziert	werden.	Jedoch	deuten	konservierte	Substrate	und	
ein	 Erv-Homolog	 auf	 die	 Existenz	 eines	Mia40-Ersatzes	 in	 diesen	 Parasiten	 hin.	 In	 der	 Tat	
zeigten	 vorläufige	 Ergebnisse	 zwei	 disulfidverbrückte	 Interaktionspartner	 von	 PfErv	 in	
Western-Blot-Analysen.		
Das	Hauptziel	dieser	Arbeit	war	die	Identifizierung	eines	potentiellen	Mia40-Ersatzes	in	dem	
Parasiten	 L.	 tarentolae. Zahlreiche	 Experimente	 wurden	 durchgeführt, um	 ein	 gemischtes	
Disulfid	 zwischen	 dem	 Modellsubstrat	 LtsTim1	 oder	 LtErv	 und	 einem	 potentiellen	
Interaktionspartner	zu	stabilisieren.	Eine	Vielzahl	an	Protokollen	mit	Alkylierungs-,	Oxidations-	
oder	 Reduktionsmitteln ließ	 keine	 gemischten	Disulfide	 zwischen	 LtErv	 und	 einem	Mia40-
Ersatz	 in	 Western-Blot-Analysen	 erkennen.	 Darüber	 hinaus	 konnte	 selbst	 nach	 starker	
Proteinanreicherung	 durch	 denaturierende	 oder	 native	 Affinitätschromatographie	 kein	
gemischtes	 Disulfid	 nachgewiesen	 werden.	 Im	 Gegensatz	 dazu	 zeigte	 die	Markierung	 von	
LtsTim1	 in	Western-Blot-Analysen	disulfidverbrückte	 Zwischenprodukte,	welche	möglicher-
weise	Heterodimere	zwischen	LtsTim1	und	Mia40-Ersatzkandidaten	darstellen.	Allerdings	war	




identifiziert,	 noch	 die	 oxidative	 Faltungs-Maschinerie	 im	 Intermembranraum	 von	
Kinetoplastida	 und	 Apicomplexa	 weiter	 aufgeklärt	 werden.	 Vier	 alternative,	 cysteinhaltige	
Substrate	 des	 oxidativen	 Proteinfaltungswegs	 im	 Intermembranraum	 wurden	 bereits	





Glutaredoxine	 (Grx)	 sind	 hochkonservierte	 Enzyme,	 die	 eine	 wichtige	 Rolle	 in	 der	
Redoxkatalyse	und	im	Eisen-Stoffwechsel	spielen	und	in	fast	allen	Organismen	vorkommen.	
Der	 traditionelle	 Monothiol-Mechanismus	 der	 Grx-Katalyse	 wird	 in	 eine	 oxidative	
Halbreaktion	mit	dem	ersten	glutahionylierten	Substrat	und	eine	reduktive	Halbreaktion	mit	
dem	reduzierten	Tripeptid	Glutathion	(GSH),	welches	als	zweites	Substrat	agiert,	unterteilt.	





Substrat	 (eine	 „Glutathiongerüst“-Stelle,	 die	 Glu170	 von	 ScGrx7	 beinhaltet)	 oder	mit	 dem	




vier	 weitere	 Aminosäurereste	 von	 ScGrx7,	 die	 zuvor	 als	 mögliche	 Elemente	 der	
„Glutathionaktivierungs“-Stelle	vorgeschlagen	wurden,	in	dieser	Arbeit	untersucht.	
Zusammengefasst	 konnte	 ich	 die	 Existenz	 zweier	 unterschiedlicher	 Glutathion-
Interaktionsstellen	durch	die	Analyse	des	nichtverwandten	Modell-Enzyms	PfGrx	bestätigen.	






Wert	 des	 Cysteins	 im	 aktiven	 Zentrum	 von	 ScGrx7	 haben.	 Eine	 Modellierung	 der	
Übergangszustände	 und	 weitere	 Analysen	 der	 verschiedenen	 Mutanten	 durch	


















































































































α	 	 	 anti	
Δ	 	 	 delta	
°C	 	 	 degree	Celsius	
µl	 	 	 microliter	
µm	 	 	 micrometer	
µM	 	 	 micromolar	
Amp	 	 	 ampicillin	
AmpR	 	 	 ampicillin	resistant	
AMP	 	 	 adenosine	monophosphate	
APEX	 	 	 ascorbate	peroxidase	
app	 	 	 apparent	
APS	 	 	 ammonium	persulfate	
as	 	 	 antisense	
ATP	 	 	 adenosine	triphosphate	
BHI	 	 	 brain	heart	infusion	
BioID	 	 	 proximity-dependent	biotin	identification		
β-ME	 	 	 β-mercaptoethanol	
bp	 	 	 base	pairs	
BSA	 	 	 bovine	serum	albumin	
CBP	 	 	 calmodulin	binding	peptide	
CL	 	 	 cutaneous	leishmaniasis	
CRISPR	 	 	 clustered	regularly	interspaced	short	palindromic	repeats		
C-terminal	 	 carboxy-terminal	
ddH2O	 	 	 double	deionized	water	
DMSO	 	 	 dimethyl	sulfoxide	
DNA	 	 	 deoxyribonucleic	acid	
dNTP		 	 	 deoxyribonucleoside	triphosphate	
DTT	 	 	 dithiothreitol	
ECL	 	 	 enhanced	chemiluminescence		
E.	coli	 	 	 Escherichia	coli	
EDTA	 	 	 ethylenediaminetetraacetic	acid	
Erv	 	 	 essential	for	respiration	and	viability	
et	al.		 	 	 et	alii	(and	others)	
FCS	 	 	 fetal	calf	serum	
Glp	 	 	 glutaredoxin-like	protein	
GR	 	 	 glutathione	reductase	
Grx	 	 	 glutaredoxin	
GSH	 	 	 reduced	glutathione		
GSSCys L-cysteine-glutathione	disulfide
GSSG	 	 	 glutathione	disulfide	
h	 	 	 hours	
HEDS bis(2-hydroxyethyl)disulfide
HEPES	 	 	 4-(2-hydroxyethyl)-1-piperazineethanesulfonic	acid	
HRP	 	 	 horseradish	peroxidase	
IAM	 	 	 iodoacetamide	
IM	 	 	 inner	mitochondrial	membrane	
IMS	 	 	 intermembrane	space	




kb	 	 	 kilo	bases	
kcat	 	 	 turnover	number	
kDa	 	 	 kilo	Dalton	
KISS	 	 	 kinetoplastida-specific	second	
Km	 	 	 Michaelis-Menten	constant	
LB	 	 	 Luria-Bertani	
L.	braziliensis	 	 Leishmania	braziliensis	
L.	donovani	 	 Leishmania	donovani	
Li	 	 	 Leishmania	infantum	
L.	infantum	 	 Leishmania	infantum	
Lt	 	 	 Leishmania	tarentolae	
L.	tarentolae	 	 Leishmania	tarentolae	
mA	 	 	 milliampere	
MCS	 	 	 multiple	cloning	site	
MES	 	 	 2-(N-morpholino)ethanesulfonic	acid	
mg	 	 	 milligram	
MIA	 	 	 mitochondrial	IMS	import	and	assembly	
MIM	 	 	 mitochondrial	import	
min	 	 	 minute	
ml	 	 	 milliliter	
MMTS	 	 	 S-methyl-methanethiosulfonate	
MOPS	 	 	 3-(N-morpholino)propanesulfonic	acid	
MPI	 	 	 mitochondrial	protein	import	
MPP	 	 	 mitochondrial	processing	peptidase	
NADPH	 	 	 nicotinamide	adenine	dinucleotide	phosphate	
NEM	 	 	 N-ethylmaleimide	
Ni-NTA	 	 	 nickel-nitrilotriacetic	acid	
nm	 	 	 nanometer	 	 	
N-terminal	 	 amino-terminal	
OD	 	 	 optical	density	
OD600nm	 	 	 optical	density	at	600	nm	
OM	 	 	 outer	mitochondrial	membrane	
PAGE	 	 	 polyacrylamide	gel	electrophoresis	
PAM	 	 	 presequence	translocase-associated	motor	
PBS	 	 	 phosphate-buffered	saline	
PCR	 	 	 polymerase	chain	reaction	
PDI	 	 	 protein	disulfide	isomerase	
Pf	 	 	 Plasmodium	falciparum	
PFA	 	 	 paraformaldehyde	
P.	falciparum	 	 Plasmodium	falciparum	
PfGR	 	 	 P.	falciparum	glutathione	reductase	
RNA	 	 	 ribonucleic	acid	
RNAi	 	 	 RNA	interference	
rpm	 	 	 rounds	per	minute	
RR	 	 	 ribonucleotide	reductase	
RST	 	 	 rapid	serodiagnostic	test	 	 	
RT room	temperature
s	 	 	 sense	
SAM	 	 	 sorting	and	assembly	machinery	





ScGR	 	 	 S.	cerevisiae	glutathione	reductase	
SDS	 	 	 Sodium	dodecyl	sulfate	
SILAC	 	 	 stable	isotope	labeling	of	amino	acids	in	cell	culture	
TAE	 	 	 Tris-acetate-EDTA-buffer	
Tb	 	 	 Trypanosoma	brucei	
TBS	 	 	 Tris	buffered	saline	
TCA	 	 	 Trichloroacetic	acid	
TCEP	 	 	 tris(2-carboxyethyl)phosphine	
TEMED	 	 	 tetramethylethylenediamine	
TFB	 	 	 transformation	buffer	
TIM	 	 	 translocase	of	the	inner	mitochondrial	membrane	
TM	 	 	 transmembrane	domain	
TOM	 	 	 translocase	of	the	outer	mitochondrial	membrane	
Tris	 	 	 tris(hydroxymethyl)aminomethane	
Trx	 	 	 thioredoxin	
Trxl	 	 	 thioredoxin-like	domain	
T.	brucei		 	 Trypanosoma	brucei	
T.	cruzi	 	 	 Trypanosoma	cruzi	
U	 	 	 units	
V	 	 	 Volt	
VL	 	 	 visceral	leishmaniasis	
v/v	 	 	 volume	per	volume	
w/v	 	 	 weight	per	volume	













for	 different	 cellular	 processes	 including	 energy	 metabolism,	 apoptotic	 cell	 death	 and	
essential	metabolic	 pathways	 such	 as	 iron-sulfur	 cluster	 biosynthesis	 [1,	 2].	 The	 organelle	
evolved	from	endosymbiosis	of	an	anaerobe	progenitor	cell	that	had	engulfed	an	aerobe	a-
proteobacterium	[3].	Thus,	 the	organelle	contains	 its	own	genome	encoding	mitochondrial	




cytosol	 and	 consequently	 have	 to	 be	 transported	 to	 one	 of	 the	 four	 mitochondrial	
























Hydrophilic	 proteins	 are	 transported	 to	 the	 matrix	 with	 the	 help	 of	 the	 presequence	
translocase-associated	motor	(PAM),	whereas proteins	with	a	hydrophobic	sorting	signal	are	
inserted	 into	 the	 IM	 [11,	12].	 The	mitochondrial	processing	peptidase	 (MPP)	 in	 the	matrix	
subsequently	removes	the	presequence	and	releases	mature	proteins	[13].	Another	pathway	
for	the	insertion	of	proteins	into	the	IM	is	the	carrier	protein	pathway.	Here,	proteins	enter	
the	 mitochondria	 through	 the	 TOM	 complex	 and	 are	 guided	 by	 the	 help	 of	 small	 TIM	
chaperones	 of	 the	 IMS	 to	 the	 carrier	 translocase	 TIM22,	 which	 subsequently	 inserts	 the	
proteins	 into	 the	 IM	 [14-16].	 Proteins	 of	 the	matrix	 and	 IM	 represent	 around	 80%	 of	 all	
mitochondrial	 proteins	 [17-19].	 All	 proteins	 of	 the	 IMS	 are	 synthesized	 in	 the	 cytosol	 and	
subsequently	have	to	be	transported	to	the	mitochondria	[20].	Cysteine-rich	proteins	of	the	





small	 TIM	 chaperones	 in	 the	 IMS	 [22].	 The	 insertion	 of	a-helical	 proteins	 into	 the	 OM	 is	
achieved	via	the	mitochondrial	import	(MIM)	complex	[9,	22,	23].		
Despite	 significant	 compositional	 differences	 of	 the	MPI	machineries	 in	 several	 eukaryotic	
groups,	the	general	protein	import	pathways	seem	to	be	conserved	among	eukaryotes.	This	
was	previously	shown	using	the	model	organism	Leishmania	tarentolae	(non-opisthokont)	and	
S.	 cerevisiae	 (opisthokont).	 In	 that	 study,	 different	 marker	 proteins	 could	 be	 successfully	







Figure	 2	 |	 Overview	 of	 the	 five	 mitochondrial	 protein	 import	 pathways.	 Nuclear	 encoded	 mitochondrial	
proteins	 are	 transported	 into	 the	 organelle	 via	 different	 import	 machineries.	 Precursor	 proteins	 carrying	 a	
presequence	are	imported	through	the	TOM-	and	TIM-complex	into	the	matrix	with	the	help	of	PAM	(hydrophilic	




Proteins	 of	 the	 IM	 are	 imported	 via	 TOM	 by	 the	 help	 of	 small	 TIM	 chaperones	 of	 the	 IMS	 and	 the	 carrier	
translocase	 TIM22.	 The	MIM	 complex	 imports	a-helical	 proteins	 of	 the	 OM.	 TOM:	 translocase	 of	 the	 outer	













the	 mainly	 conserved	 twin	 Cx3C-	 or	 Cx9C-motif	 of	 its	 substrates.	 Second,	 it	 acts	 as	 an	
oxidoreductase	and	oxidizes	the	cysteine	residues	of	the	unfolded	protein,	yielding	mature	






of	 this	 reaction	 is	 a	 mixed	 disulfide	 between	 Mia40	 and	 Erv1	 [29,	 30].	 Reduced	 Erv1	




















Figure	 3	 |	 Comparison	 of	 oxidative	 protein	 folding	 in	 the	 intermembrane	 space	 of	mitochondria.	 Current	
models	of	the	pathway	for	oxidative	protein	folding	in	the	mitochondrial	IMS	of	yeast	and	other	opisthokonta	
(A),	 the	 kinetoplastid	 parasite	 L.	 tarentolae	 (B)	 and	 the	 apicomplexan	 parasite	P.	 falciparum	 (C)	 are	 shown.	
Absent	 or	 unknown	 components	 are	 highlighted	with	 dashed	 lines	 or	 question	marks.	 In	 kinetoplastida	 and	





























the	 organism	 and	 represents	 the	 structurally	 most	 complex	 mitochondrial	 DNA,	 which	 is	
















[50,	 51].	 There	 are	 20	 different	 species	 of	 Leishmania	 that	 cause	 three	 different	 types	 of	
leishmaniasis: cutaneous leishmaniasis (CL,	see	Figure	5 for	epidemiological	situation), which
represents	 the	 most	 common	 type,	 muccocutaneous	 leishmaniasis,	 which	 leads	 to	
deformation	of	the	mouth,	throat	or	nose	and	visceral	leishmaniasis	(VL,	also	called	kala-azar),	
which	represents	the	most	severe	type	[51].	The	most	dangerous	species	for	humans	are	L.	



















Leishmania tarentolae, for	instance,	can be	used	as	a	model	organism	for	drug	development	
against	the	infective	agents	of	visceral	and	cutaneous	leishmaniasis	[53].		
Moreover,	the	parasite	is	a	commonly	used	model	organism	for	the	investigation	of	principle	
mechanisms	 such	 as RNA	 editing	 [54-57]. As	 a	 unicellular	 eukaryote, it	 can	 also	 help	 to	
understand	fundamental	processes	in	more	complex	eukaryotic	cells.	For	instance,	it	was	the	
first	parasitic	protist	used	for	the	analysis	of	non-opisthokont	mitochondrial	protein	import	
into	 all	 compartments	 revealing	 a	 functional	 conservation	 among	 eukaryotes	 [24].	
Furthermore,	 studies	 on	 kinetoplastid	 parasites	 were	 crucial	 for	 the	 research	 field	 of	
glycosylphosphatidylinositol	(GPI)	anchors	[58].	The	model	organism	is	particularly	suited	for	
mitochondrial	analyses	as	it	has	only	one	big	mitochondrion	showing	autofluorescence	[59].	
As	 a	 consequence,	 staining	 of	 the	 mitochondria	 for	 microscopy	 is	 not	 necessary.	 Results	
obtained	 from	 analyses	 of	 kinetoplastida	 could	 often	 be	 transferred	 to	 other	 eukaryotes.	
Consequently,	analyses	of	the	mitochondrial	protein	import	in	L.	tarentolae	might	be	helpful	
to	 gain	 more	 insights	 about	 general	 mechanisms	 of	 the	 mitochondrial	 protein	 import	 in	
eukaryotes.		
Furthermore,	 L.	 tarentolae	 became	 an	 important	 tool	 for	 the	 production	 of	 recombinant	















In	 general,	 there	 are	 two	 major	 strategies	 for	 the	 identification	 of	 potential	 interaction	
partners	of	a	known	protein:	(i)	Screening	of	protein	libraries	with	the	known	bait	protein	(a	
classical	 approach	 of	 this	 strategy	 is	 the	 yeast-two	 hybrid	 method)	 or	 (ii)	 the	 de	 novo	
purification	of	protein	complexes	with	the	known	protein	and	subsequent	analyses	by	mass	
spectrometry	 [65].	 Stable	 isotope	 labeling	of	 amino	acids	 in	 cell	 culture	 (SILAC)	 leads	 to	 a	
higher	 specificity	 of	 the	 later	 strategy.	 A	 relatively	 new	 method	 for	 the	 identification	 of	




SILAC	 in	 combination	 with	 semi-quantitative	 mass	 spectrometry	 is	 a	 popular	 method	 for	
proteome-wide	quantification	or	comparison	of	 tagged	and	untagged	bait	protein	samples	
from	a	pull-down	experiment	(Figure	6).	SILAC	was	first	described	in	2002	[66-68]	and	is	based	
on	 the	 metabolic	 incorporation	 of	 essential,	 isotopically	 enriched	 amino	 acids	 into	 the	




efficient	 labeling	 of	 the	 proteome	 [69].	 Afterwards,	 the	 cells	 can	 be	 combined	 for	 further	
processing	 to	 ensure	 reproducibility	 of	 the	 experimental	 workflow.	 The	 samples	 are	
subsequently	 fractionated,	 purified	 by	 affinity	 chromatography	 and	 analyzed	 by	 mass	
spectrometry.	Isotopically	labeled	proteins	can	be	distinguished	from	their	normal	isoforms	
because	 of	 a	 mass	 shift.	 Protein-protein	 interactions	 can	 therefore	 be	 identified	 and	
quantified	 with	 the	 advantage	 to	 discriminate	 between	 unspecific	 binding	 and	 actual	
interaction	 partners.	 This	 method	 is	 already	 established	 for	 a	 wide	 range	 of	 organisms	



















also	successfully	used	 in	various	 subcellular	compartments	 including	mitochondria	 [81-83].	
BirA*	generates	reactive	biotinyl-AMP	from	biotin	and	ATP.	Subsequently	the	biotinyl-AMP	
covalently	 reacts	 with	 primary	 amines	 [84].	 Proteins	 in	 the	 close	 proximity	 of	 the	 fusion	





could	 be	 missed	 with	 classical	 approaches	 because	 the	 biotinylated	 interacting	 proteins	
accumulate	over	time	[84].	Third,	protein	interactions	in	their	natural	cellular	context	can	be	
























the	 glutathione	 system	 consisting	 of	 NADPH,	 the	 flavoenzyme	 glutathione	 reductase,	
glutathione	and	Grx	[92].	Glutaredoxins	play	a	crucial	role	for	DNA	synthesis	because	oxidized	
ribonucleotide	reductase	(RR),	an	enzyme	catalyzing	the	production	of	deoxyribonucleotides	
from	 ribonucleotides	 [93],	 is	 a	 physiological	 substrate	 of	 Grx	 [94-97].	 Moreover,	 several	























separated	 into	 a	 monothiol	 and	 dithiol	 mechanism	 (Figure	 8).	 This	 model	 illustrates	 the	
reduction	of	disulfide	bonds	in	either	glutathionylated	substrates	(monothiol	mechanism)	or	
protein	disulfide	substrates	(dithiol	mechanism).		
The	monothiol	mechanism	 requires	 only	 the	more	 N-terminal	 active	 site	 cysteine	 residue	
[104]	and	is	used	by	classical	dithiol	Grx	as	well	as	monothiol	Grx.	It	occurs	via	a	ping-pong	
mechanism	 that	 can	be	 separated	 into	an	oxidative	and	 reductive	half-reaction	 [106].	 The	
















Figure	8	 |	 The	 traditional	monothiol	 and	dithiol	mechanism	of	 glutaredoxin	 catalysis.	On	 the	 left	 side,	 the	







of	 Grx	 catalysis	 namely	 the	 “glutathione	 scaffold	 model” and	 the	 “glutathione	 activator	
model”	 were	 previously	 proposed	 based	 on	 the	 reaction	 geometry	 of	 SN2	 reactions.	 The	
refined	model	could	help	to	distinguish	protein	areas	that	either	interact	with	the	disulfide	
substrate	 (a	 scaffold	 site)	 or	 the	 reducing	 agent	 (an	 activator	 site)	 (Figure	 9)	 [106,	 113].	
Modifications	of	 the	 two	distinct	 substrate	 interaction	 sites	 could	 also	help	 to	 explain	 the	
differences	between	active	and	inactive	monothiol	Grx	in	standard	enzymatic	assays.	Previous	
kinetic	experiments	with	the	model	enzyme	ScGrx7	could	confirm	two	different	glutathione	
interaction	 sites.	 The	 glutathione	 scaffold	 site	 includes	 Glu170	 and	 interacts	 with	 the	

















hydroxyethyl)disulfide	 (HEDS)	 as	 a	 non-glutathione	 substrate	 or	 L-cysteine-glutathione	
disulfide	(GSSCys)	as	a	glutathionylated	substrate	were	established	for	ScGrx7	from	yeast	as	a	
model	enzyme	 in	previous	studies	 from	our	group	(Figure	10)	 [112,	116,	123].	Glutathione	
































in	 the	 mitochondrial	 matrix.	 It	 was	 the	 first	 Grx-isoform	 shown	 to	 play	 a	 role	 in	 iron	
metabolism	[133]	and	is	important	for	the	protection	against	oxidative	damage	[134].	The	two	
monothiol	 isoforms	ScGrx6	and	ScGrx7	are	remarkable	due	to	 their	 subcellular	 localization	
and	their	activity	in	the	HEDS	assay.	They	were	the	first	Grx	that	were	found	in	the	secretory	





















lab,	 does	 not	 have	 complicated	 side	 reactions	 and	 allows	 a	 direct	 comparison	with	 other	
monothiol	glutaredoxins	[138].	The	crystal	structure	of	PfGrx	was	resolved	in	2014	revealing	
structural	conservation	of	the	glutathione-binding	motifs	with	other	Grx	[139].	A	proteomic	
approach	 identifying	 17	 hypothetically interacting	 partners	 of	 PfGrx	 could	 show that	 the	
functions	of	PfTrx	and	PfGrx	seem	to	partially	overlap	[140].	The	identified	candidate	target	
proteins	point	 to	a	 function	of	PfGrx	 in	different	processes	 such	as	anti-oxidative	defense,	
transcription/translation,	 protein	 folding	 and	 signal	 transduction	 [140].	 In	 addition	 to	 the	
classical	 dithiol	 Grx,	P.	 falciparum	 has	 three	monocysteinic	 Grx-like	 proteins	 (PfGlp1-3)	 of	
unknown	physiological	function	with	the	second	cysteine	replaced	by	a	serine	in	the	active	
site	 [108,	 136].	 Due	 to	 solubility	 reasons	 it	 was	 not	 yet	 possible	 to	 investigate	 the	







non-pathogenic	 parasite	 L.	 tarentolae,	 which	 is	 a	 close	 relative	 to	 human	 pathogenic	
kinetoplastida.	As	the	mitochondrial	protein	import	into	the	IMS	is	redox-regulated,	different	
approaches	 were	 tested	 for	 potential	 trapping	 of	 mixed	 disulfide	 intermediates.	 For	 this	
purpose,	L.	tarentolae	small	Tim1	(LtsTim1)	could	serve	as	a	reference	substrate	with	a	twin	
Cx3C-motif	that	should	interact	with	the	oxidized	Mia40	adapter	replacement.	The	reduced	








The	 second	 objective	 of	 this	 PhD	 was	 to	 analyze	 the	 general	 applicability	 of	 the	 results	
obtained	 from	prior	 analysis	 of	 ScGrx7,	which	 revealed	 a	 distinct	 glutathione	 scaffold	 and	
activator	site during	the	MD	thesis	of	Patricia	Begas.	Thus, PfGrx	should	be	analyzed	as	a	non-
related	model	system.	Additional	residues	of	ScGrx7	that	were	previously	suggested	to	be	part	
of	 the	 glutathione	 activator	 site	 should	 be	 analyzed	 to	 gain	 more	 insights	 into	 the	 exact	

















































































































































































































































































































































































































ice-water	bath	 for	 10	min	 and	 centrifuged	 at	 2600	×	g	 for	 15	min	 at	 4°C.	Afterwards,	 the	
supernatant	was	discarded	and	the	pellet	was	resuspended	in	75	ml	ice-cold	TFB1	buffer	per	
250	 ml	 culture.	 The	 suspensions	 were	 incubated	 for	 15	 min	 in	 the	 ice-water	 bath	 and	
centrifuged	at	2600	×	g	 for	15	min	at	4°C.	After	discarding	the	supernatant,	 the	cells	were	




	 	 	 	 	 10	mM	CaCl2	
	 	 	 	 	 50	mM	MnCl2	
	 	 	 	 	 100	mM	RbCl	
	 	 	 	 	 15%	glycerol	







	 	 	 	 	 75	mM	CaCl2	
	 	 	 	 	 10	mM	RbCl	
	 	 	 	 	 15%	glycerol	
	 	 	 	 	 pH	6.5	at	RT	(adjusted	with	1	M	KOH)	
	
2.2.2	Transformation	of	chemically	competent	E.	coli	cells		




without	 shaking	 the	 cells.	 Afterwards,	 the	 cells	 were	 cooled	 on	 ice	 for	 5	 min	 before	 ten	




































Miniprep	buffer	P2	 	 	 0.2	M	NaOH	
	 	 	 	 	 1%	(w/v)	SDS		
	 	 	 	 	 stored	at	RT	
	
Miniprep	buffer	P3	 	 	 60	ml	3	M	potassium	acetate	
	 	 	 	 	 11.5	ml	glacial	acid	
	 	 	 	 	 28.5	ml	ddH2O	








Polymerase	 chain	 reactions	 (PCR)	were	performed	 for	 the	 amplification	of	DNA	or	 for	 the	














The	 DNA	 was	 initially	 denatured	 at	 94°C	 for	 120	 s	 in	 the	 thermocycler.	 After	 this	 initial	













Point	 mutations	 were	 introduced	 by	 PCR	 using	 the	 double	 stop-codon	 construct	 of	
pQE30/SCGRX7	 (Mesecke	et	al.	 [112])	or	 the	double	mutant	construct	pQE30/PFGRXC32S/C88S	
(Djuika	 et	 al.	 2013	 [138])	 as	 a	 template.	 Pfu	 polymerase	 was	 used	 for	 side-directed	


































1 ×	TAE-buffer	at 100 V for	around	30 min.	Afterwards, the DNA	was	visualized	on	a	trans-
illuminator	and	documented	with	the	attached	camera.	
	
1	×	TAE	 	 	 	 	 40	mM	Tris/HAc	
	 	 	 	 	 1	mM	EDTA	




















analyzed	 by	 sequencing.	 Therefore,	 the	 DNA	 derived	 from	 the	miniprep	 protocol	 (section	
2.2.3)	was	diluted	1:10	in	ddH2O	and	sent	to	GATC	for	sequencing	of	both	strands	either	with	








2.3.5).	 The	 absorption	 at	 280 nm	 and	 260 nm	 was	 measured with	 a	 NanoDrop™
spectrophotometer.	Nucleic	acids	show	a	specific	absorption	at	260	nm	and	the	concentration	



































	 	 	 	 	 sterilized	with	a	0.2	µm	filter	
	
BHI	medium	 	 	 	 37	g	BHI	powder	
	 	 	 	 	 ad	1	l	ddH2O	
	 	 	 	 	 autoclaved	for	20	min	at	120°C	
	 	 	 	 	 10	µg/ml	hemin	solution	
	
G418	solution	 	 	 	 diluted	1:500	in	BHI	(final	concentration	of	0.1	mg/ml)	
	
2.3.2	Cryoconservation	of	Leishmania	tarentolae	
L.	 tarentolae	 strains	 were	 cryoconserved	 in	 liquid	 nitrogen.	 Therefore,	 parasites	 in	 the	
logarithmic	phase	(5-9	×	107	cells/ml)	were	mixed	with	the	same	volume	of	sterile	BHI	freezing	
medium	 and	 transferred	 to	 labeled	 cryotubes.	 The	 tubes	 were	 wrapped	 in	 paper	 towels,	
incubated	at	-80°C	for	24	h	and	finally	transferred	to	liquid	nitrogen.	
	
BHI	freezing	medium	 	 	 37	g/l	BHI	
	 	 	 	 	 30%	(v/v)	glycerol	








1	 ml	 fresh	 BHI	 medium	 and	 incubated	 for	 24	 h	 without	 shaking	 and	 without	 antibiotics.	









1	×	SSC	fixation	solution	 	 	 10%	(w/v)	paraformaldehyde	in	1	×	SSC	
	
20	×	SSC		 	 	 	 3	M	NaCl	
	 	 	 	 	 0.3	M	Na3citrate	








The	 protocol	 is	 based	 on	 the	 manufacturer’s	 protocol	 of	 the	 utilized	 kit	 (Basic	 Parasite	
Nucleofector™	Kit,	Lonza).	After	counting	the	cells,	5	×	107	cells	were	centrifuged	for	3	min	at	
1500	 ×	 g	 at	 RT.	 The	 supernatant	 was	 discarded	 and	 the	 pellet	 was	 resuspended	 in	 1	 ml	
transfection	buffer.	The	suspension was	centrifuged	again	for	3 min	at 1500 × g at	RT and	the	
pellet	was	resuspended	in	100	µl	Nucleofector	Solution	that	was	pre-warmed	to	RT.	The	cell	
suspension	was	combined	with	20	µg	sterile	DNA	(section	2.2.12)	that	was	dissolved	in	10	µl	
ddH2O.	 The mixture	 was	 transferred	 into	 an	 electroporation	 cuvette	 and	 the	 cells	 were	
electroporated	with	 the	program	U-033	 in	 the	Nucleofector™	2b	Device	 (Lonza).	Once	 the	
program	was	finished,	500	µl	of	pre-warmed	BHI	medium	were	added	to	the	cells.	Then,	the	





BHI	agar	 	 	 	 3.7%	BHI	
	 	 	 	 	 0.08%	(w/v)	folic	acid	
	 	 	 	 	 0.8%	(w/v)	agar	
	 	 	 	 	 10%	(v/v)	heat-inactivated	FCS	
	 	 	 	 	 20	µg/ml	hemin	
	 	 	 	 	 40	µg/ml	G418	
	
transfection	buffer	 	 	 21	mM	HEPES	
	 	 	 	 	 137	mM	NaCl	
	 	 	 	 	 5	mM	KCl	
	 	 	 	 	 0.7	mM	NaH2PO4	
	 	 	 	 	 6	mM	Glucose





were	 centrifuged	 at	 1500	 ×	 g	 for	 10	min	 and	 directly	 lysed	 in	 5	 ×	 Laemmli-buffer	 either	
containing	10-15%	β-ME	for	reducing	conditions	or	without	β-ME	for	non-reducing	conditions.	
The	samples	were	sheared	10	times	over	a	centrifugation	tube	rack	to	disrupt	the	genomic	









disulfide	 intermediates	 by	 blocking	 free	 thiols.	 Different	 concentrations	 of	 NEM	or	MMTS	
were	tested	in	a	first	experiment	and	in	following	experiments	incubation	with	100	mM	NEM	
for	5	min	was	used	as	the	standard	condition.	The	NEM-solution	was	always	prepared	freshly	
due	 to	 stability	 reasons.	 After	 determination	 of	 the	 cell	 density, the	 cell	 suspension	 was	
centrifuged	at	RT	at	1500	×	g	for	10	min.	The	cells	were	resuspended	in	PBS	containing	100	mM	
NEM	 for	5	min.	Afterwards,	 the	cells	were	centrifuged	at	4°C	 for	1	min	at	10000	×	g.	 The	
resulting	pellet	was	resuspended	in	5	×	Laemmli	buffer	containing	10%	of	the	initial	NEM	or	




L.	 tarentolae	 parasites	 were	 treated	 either	 with	 the	 thiol	 oxidizing	 agent	 diamide	 or	 the	
reducing	agent	dithiothreitol	(DTT)	prior	to	NEM-blocking	of	free	thiols	to	stabilize	potential	
mixed	disulfide	intermediates.	After	determination	of	the	cell	number,	5	×	107	cells/sample	
were	 centrifuged	 at	 1500	 ×	g	 for	 10	min	 at	 RT.	 Parasites	were	 treated	with	 either	 2	mM	
diamide	or	2	mM	DTT	in	PBS	for	1-120	min.	After	another	centrifugation	step,	the	cells	were	
incubated	with	100	mM	NEM	in	PBS	for	5	min	at	RT.	Parasites	treated	only	with	PBS	or	100	mM	




To	 analyze	 the	 localization	 of	 proteins,	 L.	 tarentolae	 whole	 cell	 lysates	were	 differentially	
fractionated	by	 hypotonic	 swelling	 followed	by	 digitonin	 treatment.	 A	 control	 sample	was	
removed	from	the	cell	culture	with	5	×	107	cells	(=input	sample).	This	sample	was	centrifuged	
at	1500	×	g	for	10	min	at	4°C	and	resuspended	in	20	µl	5	×	Laemmli	buffer	containing	15%	(v/v)	








times	through	a	needle	(BD	Microlance 3	needle,	0.4 × 19 mm).	Before	shearing,	an aliquot	of	
cells	was	removed	for	SDS-PAGE	analysis	(=control	without	shearing).	The	hypotonic	swelling	
was	 stopped	by	 the	addition	of	 sucrose	 in	a	 final	 concentration	of	7.5%	 (w/v)	 followed	by	
mixing	 the	 lysate. Aliquots	 of	 the	 cell	 lysate	 containing	 108 cells/tube	were	 prepared	 and	
subsequently	treated	with	0,	50,	100,	150,	200,	250	or	2000	µg	digitonin	or	2%	(v/v)	Triton™	X-
100	 (=positive	 control).	 The	 samples	were	mixed,	 incubated	 on	 ice	 for	 1	 h	 interrupted	 by	
several	mixing	steps.	The	 lysates	were	centrifuged	at	20000 × g for	30 min	at	4°C	and	the	
resulting	pellets	were	resuspended	in	50	µl	5	×	Laemmli	buffer	containing	15%	(v/v)	β-ME.	The	
supernatants	obtained	from	the	centrifugation	were	transferred	to	fresh	reaction	tubes	and	










DT	buffer	 	 	 	 1	mM	Tris/HCl	
	 	 	 	 	 pH	7.9	(at	4°C)	
	 	 	 	 	 1	×	cOmplete	EDTA	free	protease	inhibitor		
	
2.3.8	Affinity	chromatography	of	Leishmania	tarentolae	proteins	















cool during	the	whole	experiment.	An	input	sample	of	the	culture	containing	5 × 107 cells	per	
SDS-sample	was	prepared	for	western	blot	analysis	(“input”)	after	determination	of	the	cell	
number.	1	L	of	parasites	in	the	mid-log	phase	were	centrifuged	at	1500	×	g	for	10	min	at	RT.	
The	cells	were	resuspended	in	10 ml	PBS	containing	100 mM	NEM and	incubated	for	5 min	at	
RT	in	the	dark.	Afterwards,	the	cells	were	centrifuged	at	4000	×	g	for	15	min	at	4°C	and	the	
resulting	pellet	was	resuspended	in	0.83	ml	fresh,	ice-cold	DT	buffer	per	109	cells	for	hypotonic	
swelling. The	 swollen	 cells	 were	 sheared	 twice	 through	 a	 needle	 (BD	 Microlance	 3	




























PBS	 	 	 	 	 1.84	mM	KH2PO4	
	 	 	 	 	 10	mM	Na2HPO4	
	 	 	 	 	 137	mM	NaCl	
	 	 	 	 	 2.7	mM	KCl	
pH	7.4	(at	24°C)	
	
DT	buffer	 	 	 	 1	mM	Tris/HCl	




ST20	buffer	 	 	 	 250	mM	sucrose	
	 	 	 	 	 25	mM	Tris/HCl	
	 	 	 	 	 20	mM	imidazole	

































PBS	 	 	 	 	 1.84	mM	KH2PO4	
	 	 	 	 	 10	mM	Na2HPO4	
	 	 	 	 	 137	mM	NaCl	
	 	 	 	 	 2.7	mM	KCl	
	 	 	 	 	 pH	7.4	at	RT	
	
lysis	buffer	 	 	 	 20	mM	sodium	phosphate	
	 	 	 	 	 8	M	urea	
	 	 	 	 	 20	mM	imidazole	
	 	 	 	 	 500	mM	NaCl	
	 	 	 	 	 2%	(v/v)	Triton™	X-100	
	 	 	 	 	 1	×	Protease	Inhibitor		
	 	 	 	 	 pH	8.0	at	4°C	 	
washing	buffer	 	 	 	 20	mM	sodium	phosphate	
	 	 	 	 	 8	M	urea	
	 	 	 	 	 20	mM	imidazole	
	 	 	 	 	 500	mM	NaCl	
	 	 	 	 	 1	×	Protease	Inhibitor		
pH	8.0	at	4°C
	
elution	buffer	 	 	 	 20	mM	sodium	phosphate	
	 	 	 	 	 8	M	urea	
	 	 	 	 	 400	mM	imidazole	
	 	 	 	 	 500	mM	NaCl	
	 	 	 	 	 1	×	Protease	Inhibitor		























AlbuMax™,	 McCoy’s	 5A	 (Modified)	 Medium	 supplemented	 with	 5%	 or	 10%	 FCS,	 MEM	
supplemented	with	25	mM	HEPES	and	5%	or	10%	FCS.	Cells	cultivated	with	BHI	liquid	medium	
served	as	a	positive	control.	All	media were	supplemented	with	10 µg/ml hemin	chloride.	L.	
tarentolae	cells	in	the	mid-log	phase	were	centrifuged	at	1500	×	g	for	10	min	at	RT	and	washed	
once	with	the	appropriate	medium	containing	the	supplements	named	above.	After	another	
centrifugation	 step, the	 pellet	 was	 resuspended	 in	 the	 appropriate	 medium	 obtaining	 a	
concentration	of	5	×	106	parasites/ml	in	a	total	volume	of	10	ml.	The	parasites	were	cultivated	
under	normal	cultivation	conditions	(27°C	shaking	at	50	rpm	on	the	Rotamax	120	shaker)	and	
the	cells	were	counted	every	24 h. After	counting, the	cells	were	centrifuged	at	1500 × g for	










Leishmania	 tarentolae	 cells	 transfected	 with	 pX/BirA*-LTERV	 or	 pX/BirA*-LTsTIM1	 were	
cultivated	in	the	logarithmic	phase	according	to	the	standard	protocol.	The	cell	number	was	
determined	and	10	ml	cell	suspension	diluted	to	8	×	106	cells/ml	(8	×	107	cells	in	total)	were	
centrifuged	 for	10	min	at	RT	with	1500	×	g.	 The	parasites	were	 resuspended	 in	10	ml	BHI	
containing	 150	 µM	 biotin	 and	 incubated	 for	 24	 h	 according	 to	 Chen	 et	 al.	 [77]	 before	
harvesting.	In	parallel,	untreated	(without	biotin)	control	samples	were	prepared.	After	biotin	
treatment,	 the	 cells	were	harvested	 for	western	blot	 analysis.	 Several	 independent	 clones	
were	analyzed	by	western	blotting	with	an	αMyc	antibody,	streptavidin-HRP	(1:10000)	and	an	
antibody	against	LtErv	or	LtsTim1.	The	parasites	were	also	analyzed	by	immunofluorescence	
microscopy	 with	 the	 help	 of	 Jessica	 Kehrer.	 Therefore,	 5	 ×	 107	 cells	 were	 centrifuged	 at	
1500	×	g	for	10	min	at	RT	and	washed	once	with	1	ml	PBS.	The	cells	were	fixed	with	4%	(w/v)	
PFA	in	PBS	overnight	at	4°C.	Then,	the	cells	were	washed	three	times	with	100	µl	PBS	before	












































(section	 2.2.2).	 A	 starter	 culture	 was	 prepared	 with	 20	 ml	 ampicillin-containing	 medium	
inoculated	with	one	colony	of	the	transfectant.	The	pre-culture	was	incubated	at	37°C	shaking	
at 130 rpm	in	the Innova	4000	shaker	overnight. The	next	morning, the	OD600nm	of	the	starter	
culture	was	determined.	 The	 starter	 culture	was	diluted	 into	 a	main	 culture	 resulting	 in	 a	
starting	OD600nm	of	0.04.	The	main	culture	was	incubated	at	37°C	shaking	at	130	rpm	in	the	
Innova	4000	shaker until	an	OD600nm of	0.5-0.6	was	reached.	For	expression	of	PfGR	the	culture
was	 incubated	at	37°C	at	130	rpm	 in	 the	 Innova	4000	shaker	until	an	OD600nm	of	0.15	was	
reached	and	then	shifted	to	28°C.	At	an	OD600nm	of	0.4	the	culture	was	shifted	to	16°C	until	an	
OD600nm of	 0.6	 was	 reached.	 Protein	 production was	 induced	 by	 adding	 0.5 mM	 IPTG	 for	
expression	of	GRX	or	0.3	mM	IPTG	for	expression	of	PFGR	to	the	culture,	which	subsequently	
was	incubated	for	another	4	h	for	GRX	expression	or	14	h	for	PFGR	expression.	Afterwards,	
the	 culture	 was	 transferred	 to	 precooled	 1	 L	 buckets	 and	 the	 cells	 were	 harvested	 by	
centrifugation	at	4000	×	g	 for	15	min	at	4°C.	The	pellet	obtained	from	a	1	L	of	culture	was	
resuspended	on	 ice	with	10	ml	buffer	 I,	divided	 into	 two	aliquots	and	stored	at	 -20°C.	For	
kinetic	analyses	the	protein	was	freshly	purified.	For	cell	lysis,	the	pellet	was	therefore	thawed	
on	ice,	10	mg	lysozyme	and	a	spatula	tip	of	DNaseI	were	added	to	the	cell	suspension	(derived	
from	 a	 500	ml	 culture)	 and	 the	mixture	was	 incubated	 for	 1	 h	 on	 ice	whilst	 stirring.	 The	
















































field	according	to	the	molecular	weight	of	 the	proteins	 [148].	The	pore	size	of	 the	gel	was	






separation	 is	 only	 based	 on	 the	molecular	weight	 of	 the	 proteins.	 The	 proteins	were	 first	









stacking	gel	 	 	 	 5%	(w/v)	acrylamide	
	 	 	 	 	 0.03%	(w/v)	bisacrylamide	
	 	 	 	 	 60	mM	Tris-HCl,	pH	6.8	
	 	 	 	 	 0.1%	(w/v)	SDS	
	 	 	 	 	 0.05%	(w/v)	APS	
	 	 	 	 	 0.1%	(v/v)	TEMED	
	
separating	gel	 	 	 	 12-18%	(w/v)	acrylamide	
	 	 	 	 	 0.1%	(w/v)	bisacrylamide	
	 	 	 	 	 375	mM	Tris-HCl,	pH	8.8	
	 	 	 	 	 0.1%	(w/v)	SDS	
	 	 	 	 	 0.05%	(w/v)	APS	
	 	 	 	 	 0.15%	(v/v)	TEMED	
SDS	running	buffer	 	 	 25	mM	Tris	
	 	 	 	 	 250	mM	glycine	
	 	 	 	 	 0.1%	(w/v)	SDS	
	 	 	 	 	 pH	8.3	
	
5	×	Laemmli	buffer	 	 	 50	mM	Tris-HCl,	pH	6.8	
25%	glycerol
	 	 	 	 	 10%	(w/v)	SDS	
	 	 	 	 	 0.1%	bromophenol	blue	
	 	 	 	 	 0-20%	β-ME	
	
2.5.4 Coomassie	Brilliant	Blue	staining	of	SDS-gels
To	 visualize	 protein	 bands	 after	 separation	 by	 SDS-PAGE,	 the	 gels	 were	 stained	 with	
Coomassie	Brilliant	Blue.	Therefore,	 the	gels	were	 transferred	 to	 the	 staining	 solution	and	
incubated	 on	 a	 vertical	 shaker	 at	 RT	 for	 at	 least	 one	 hour.	 For	 destaining,	 the	 gels	 were	














Proteins	 that	 were	 separated	 according	 to	 their	 molecular	 weight	 by	 SDS-PAGE	 were	








bubbles	 as	 follows:	 i)	 anode,	 ii)	 5	Whatman	 papers,	 iii)	 nitrocellulose	membrane,	 iv)	 SDS	
separating	gel,	v)	5	Whatman	papers	and	vi)	cathode.	The	semi-dry	blotting	was	performed	
with a	constant	electric	current	at 100 mA	per	small	gel	or	250 mA	per	big	gel	for	1 h.	The	
successful	 transfer	 of	 the	 proteins	 was	 checked	 by	 PonceauS	 staining	 of	 the	 membrane.	
Therefore,	the	membrane	was	shortly	incubated	in	PonceauS	solution	followed	by	destaining	
of	 the	 background	 with	 ddH2O.	 After	 documentation, the	 membrane	 was	 completely	
destained	with	TBS	for	several	minutes	on	the	shaker.	
	






PonceauS	solution	 	 	 0.2%	(w/v)	PonceauS	
	 	 	 	 	 3%	(w/v)	trichloroacetic	acid	
	
2.5.6	Immunodetection	of	proteins	
Proteins	 that	 were	 immobilized	 on	 nitrocellulose	 membranes	 by	 western	 blotting	 were	
subsequently	detected	by	immunostaining	with	protein	specific	antibodies.	Unspecific	binding	
sites	of	the	membrane	were	blocked	by	incubation	for	1	h	at	RT	in	blocking	buffer.	Afterwards,	










blocking	buffer	 	 	 	 5%	milk	(w/v)	in	TBS	
	


















and	twice	for	5 min	with	TBST (0.1%	Tween™ 20).	The	membrane	was	subsequently incubated	
in	blocking	buffer	and	further	processed	according	to	the	standard	protocol.		
	







Glutathione	 reductase	was	 needed	 for	 the	 coupled	 spectrophotometric	 GSSCys	 and	HEDS	
oxidoreductase	assays	 and	 therefore	 its	 activity	was	measured	prior	 to	 these	assays.	 Pure	
ScGR	or	PfGR	was	diluted	1:100	with	elution	buffer.	A	4	mM	stock	solution	of	NADPH	and	a	
20	mM	 stock	 solution	 of	 GSSG	were	 prepared	 in	 assay	 buffer.	 The	 assay	 buffer	 was	 pre-
warmed	to	25°C	and	the	whole	assay	was	performed	at	25°C.	The	total	reaction	volume	in	the	






































GSSCys	 assay	 of	 the	 ScGrx	 mutants	 between	 50	 µM	 and	 1.5	 mM	 at	 fixed	 GSSCys	
concentrations	(25,	50,	100	and	150	µM	GSSCys).	For	the	GSSCys	assay	with	the	PfGrx	mutants,	
either	GSH	was	varied	between	50	µM	and	2.0	mM	at	fixed	GSSCys	concentrations	(25,	50,	
100	 and	 150	 µM	GSSCys)	 or	 GSSCys	was	 varied	 between	 25	 and	 200	 µM	with	 fixed	 GSH	







































instead	 of	 IAM	 and	 the	 activity	 of	 the	 enzyme	 at	 each	 pH	 was	 normalized	 against	 the	
corresponding	mock	control.	A	standard	HEDS	assay	was	started	in	parallel	to	the	IAM	pre-
incubation	 step	 and	was	 subsequently	 carried	 out	 as	 described	 in	 the	 previous	 section	 to	















between	 endogenous	 LtErv	 and	 a	 potential	 Mia40	 adapter	 replacement	 in	 wild-type	 L.	















monomeric	 LtErv	 or	 LtsTim1.	 After	 reduction	 of	 the	 sample	 (+β-ME)	 only	 the	 monomeric	 band	 should	 be	















was	used	 for	 the	detection.	 In	another	experiment	 the	parasites	were	 treated	with	2	mM	
diamide	or	DTT	for	1min	to	120min	followed	by alkylation	with 100	mM	NEM	for	5min (Figure	
13,	C	and	D;	data	from	120	min	diamide-	or	DTT-treatment	are	not	shown).	Only	one	specific	
band	corresponding	to	the	calculated	molecular	mass	of	monomeric	LtErv	with	34.8	kDa	was	














treatment.	 NEM:	 N-ethylmaleimide;	 DTT:	 dithiothreitol;	 MMTS:	 S-methyl-methanethiosulfonate;	 b-ME:	 b-
mercaptoethanol.	
	






























against	 the	 model	 substrate	 LtsTim1.	 Endogenous	 LtsTim1	 and	 strains	 with	 upregulated	
LtsTim1	protein	levels	were	in	general	difficult	to	analyze	because	the	small	Tim	proteins	are	
highly	hydrophobic	and	tend	to	form	higher	molecular	oligomers.	There	was	a	strong	signal	in	
the	 upper	 part	 between	 the	 stacking	 and	 separating	 SDS-gel	 in	 all	 western	 blot	 analyses	
performed	with	the	LtsTim1-antibody	that	could	reflect	these	oligomers.	First,	different	types	
of	 gels	 recommended for	 small	 and	 hydrophobic	 proteins	 were	 tested	 to	 improve	 the	
migration	pattern	of	LtsTim1.	Urea	gels	 containing	8	M	urea,	a	precast	gel	 (BioRad,	16.5%	
Mini-PROTEAN™	 Tris-Tricine)	 and	 a	 Tris-Tricine	 buffer	 system	 according	 to	 a	 published	
protocol	by	Schägger	et	al. [154] did	not	help	to	decrease the	strong	signal.	Second,	various
protocols	 for	 the	preparation	of	 SDS-samples	were	 tested.	Different	 temperatures	 ranging	
from	RT	to	95°C,	incubation	times	from	10-30	min,	urea	in	concentrations	up	to	8	M	in	the	






























A:	 Diamide-trapping	 of	 LtsTim1.	 L.	 tarentolae	 treated	 for	 1-120	min	with	 2	mM	 diamide	 followed	 by	 5	min	
treatment	with	100	mM	NEM.	B:	DTT-trapping	of	LtsTim1.	L.	tarentolae	treated	for	1-120	min	with	2	mM	DTT	
















constructs	 encoding	 the	 two	 bait	 proteins	 and	 cysteine	 mutants	 that	 could	 lead	 to	 an	
enrichment	 of	 the	 disulfide	 complexes	 between	 the	 bait	 protein	 and	 potential	 interacting	
proteins	were	generated	and	are	shown	in	Figure	17.	All	constructs	were	cloned	in	the	newly	
designed	 vector	 termed	 “pX-backbone”	 for	 the	 expression	 in	 L.	 tarentolae.	 This	 vector	












were	 generated.	 At	 least	 three	 independent	 clones	 for	 each	 construct	 were	 analyzed	
regarding	 their	 protein	 levels	 by	 western	 blot	 analyses	 with	 specific	 LtErv	 and	 LtsTim1	
antibodies.	 The	 lysates	 of	 L.	 tarentolae	 transfected	with	 pX/His8LTERV	were	 also	 analyzed	















































analyzed	 regarding	 their	 protein	 levels	 and	 investigated	under	non-reducing	 conditions	 by	
western	blot	analysis.	Two	clones	of	 the	L.	 tarentolae	 strain	 transfected	with	pX/LTERVC63S	



































each	clones	of	L.	 tarentolae	 transfected	with	pX/His8LTsTIM1	 (LtsTim1),	pX/His8LTsTIM1
C1-3S	(LtsTim1C1-3S)	and	
pX/His8LTsTIM1








digitonin	 fractionation	 to	 test	 if	 the	 proteins	were	 correctly	 imported	 into	 the	 IMS	 of	 the	
mitochondria.	EF1α	served	as	a	cytosolic	marker	and	was	released	to	the	supernatant	already	







cells	 whereas	 LtsTim1	 was	 only	 solubilized	 with	 the	 highest	 concentration	 of	 2	 mg	
digitonin/108	 parasites	 or	 in	 the	 control	with	 2%	 Triton™	X-100.	 The	 L.	 tarentolae	mutant	








The	 upregulated	 proteins	 of	 the	 LtsTim1	mutants	 containing	 only	 one	 cysteine	were	 also	












marker	 for	 cytosolic	 localization	 whereas	 LtErv	 and	 LtsTim1	 served	 as	 marker	 proteins	 for	 the	 IMS	 of	 the	








with	 its	 potential	 interaction	 partner	 and	 is	 therefore	 difficult	 to	 detect	 in	 western	 blot	
analyses	without	prior	protein	enrichment.	Thus,	affinity	chromatography	by	Ni-NTA	agarose	
with	 His8-tagged	 bait	 proteins	 was	 performed	 under	 native	 and	 denaturing	 conditions.	 A	
native	affinity	chromatography	with	LtErv as	the	bait	protein	led to	a	slight enrichment	of	the	




























with	 upregulated	 LtsTim1C1-3S	 and	 LtsTim1C2-4S	 but	 did	 not	 lead	 to	 an	 enrichment	 of	 the	
mutated	bait	protein	even	with	altered	buffer	compositions	or	the	use	of	guanidine-HCl	as	the	
denaturing	agent,	thus	raising	the	question	of	stability	and	expression	levels.	For	all	protocols	













dependent	 effect	 on	 the	 cell	 survival,	 the	 pH	 of	 the	 different	media	was	 determined	 and	
revealed	comparable	values	between	7.0	and	7.39	and	a	pH	of	6.92	for	the	BHI	control.	The	
concentrations	of	folic	acid,	hemin	solution	and	FCS	were	titrated	resulting	in	a	total	number	





Subsequently,	 selected	 compositions	 of	 IMDM,	 McCoy’s	 5A	 and	 MEM	 were	 further	
investigated	in	comparison	to	BHI	as	a	positive	control	in	a	growth	curve	analysis	(Figure	25).	

























































suited	 defined	 cultivation	medium	 that	might	 be	 used	 instead	 of	 undefined	 BHI	 could	 be	





potential	 Mia40	 adapter	 replacement	 were	 not	 successful,	 BioID	 should	 be	 tested	 as	 an	
independent	 approach	 for	 finding	 potential	 interaction	 partners	 of	 the	 two	 bait	 proteins.	
L.	tarentolae	was	transfected	with	the	constructs	shown	in	Figure	27	containing	a	Myc-tagged	
BirA*	fused	to	the	N-terminus	of	the	bait	protein.		
The	 parasites	 transfected	 with	 the	 BirA*-LTsTIM1	 construct	 were	 first	 analyzed	 by	
immunofluorescence	microscopy.	No	signal	for	Myc	and	Streptavidin	could	be	detected	after	







signal	 was	 visible.	 The	 level	 of	 overexpression	 was	 difficult	 to	 elucidate	 because	 of	 the	
problems	with	the	LtsTim1-antibody	described	before.	Owing	to	that	difficulties,	the	strains	
transfected	with	the	BirA*-LTERV	construct	should	be	analyzed	instead.	Western	blot	analysis	
revealed	much	higher	 levels	 of	 LtErv	 in	 the	 control	 sample	 (L.	 tarentolae	 transfected	with	









Figure	 27	 |	 Constructs	 for	 BioID	 experiments.	 The	 constructs	were	 cloned	 into	 the	 pX-backbone	 vector	 for	











shown	 in	 lane	1.	The	band	with	 the	higher	molecular	weight	 indicated	 the	modification	of	
probably	one	cysteine	residue	of	LtErv.	The	results	suggest	that	in	the	predominant	form	all	































P.	 falciparum	ERV1	was	cloned	with	or	without	an	N-terminal	His8-tag	 in	 the	L.	 tarentolae	
vector	 pX-backbone.	 The	 protein-coding	 sequences	 of	 both	 plasmids	 were	 confirmed	 by	














purification	 trials	with	E.	 coli	were	 not	 successful	 before	 and	 resulted	 in	 the	 formation	 of	



















visible	 in	 all	 the	 other	 fractions	 including	 the	 eluate	 fraction	 showing	 that	 under	 these	
conditions	no	enrichment	of	PfErv	was	possible.		
To	increase	the	solubility	of	the	protein,	different	other	protocols	were	tested	with	the	same	
negative	 result.	 A	 disruption	 buffer	 containing	 0.25%	 (v/v)	 Tween	 20,	 20	 mM	 imidazole,	
300	mM	NaCl	and	50	mM	sodium	phosphate	with	a	pH	of	8.5	at	4°C	combined	with	sonication	























under	 non-reducing	 conditions.	 The	 protein	 detected	 with	 the	 highest	molecular	mass	 at	




of	 PfErv	 between	 10	 and	 17	 kDa	 and	might	 indicate	 a	 monomeric	 isoform	 of	 PfErv	 with	
intramolecular	disulfide-bridges	that	are	stabilized	by	the	alkylating	agent	NEM	because	this	

















The	 second	 objective	 of	 this	 PhD	 was	 to	 analyze	 the	 general	 applicability	 of	 the	 results	
obtained	 from	prior	 analysis	 of	 ScGrx7,	which	 revealed	 a	 distinct	 glutathione	 scaffold	 and	
activator	site	during	the	MD	thesis	of	Patricia	Begas.	Thus,	PfGrx	was	analyzed	as	a	non-related	













Figure	32.	This	residue	could	contribute	to	a	strong	 ionic	glutathione	 interaction	due	to	 its	








selected	 and	 subsequently	 analyzed	 in	 GSSCys	 or	 HEDS	 steady-state	 kinetic	 assays.	 First,	






activator	 residues	 because	 of	 geometric	 reasons	 and	 Glu147	 is	 also	 conserved	 in	 many	
enzymatically	active	Grx.	As	another	potential	residue	that	could	contribute	to	the	glutathione	







Figure	 32	 |	 Sequence	 alignment	 of	 different	 members	 of	 the	 thioredoxin	 superfamily.	 The	 sequences	 of	















20.2	kDa)	runs	above	25	kDa	as	observed	before [112] and	shows	only	a	minor	 fraction	of	
degradation	 product	 or	 contamination.	 The	 protein	 concentrations	 were	 determined	 by	
Bradford	 assays.	 Average	 yields	 from	 up	 to	 seven	 independent	 protein	 purifications	 of	
PfGrxC32S/C88S, PfGrxC32S/C88S/K26A and PfGrxC32S/C88S/D90A were	8.8±3.8,	31±10	and	5.1±1.9	mg	of	
recombinant	protein	per	liter	of	E.	coli	culture,	respectively.	Average	yields	from	up	to	seven	










and	Arg153	mutants	 of	ScGrx7.	 The	 calculated	molecular	mass	of	ScGrx7	 is	 20.2	 kDa.	WT:	ScGrx7	wild-type,	






a	 general	 catalysis	mechanism	with	 two	distinct	 glutathione	 interaction	 sites	 as	previously	
suggested	 [106,	 116].	 Therefore,	 corresponding	 point	 mutants	 of	 the	 non-related	 P.	
falciparum	 enzyme	 PfGrx	 were	 analyzed	 in	 Grx	 steady-state	 kinetic	 assays.	 The	 mutants	








a	GSSCys	and	HEDS	assay	with	PfGrxC32S/C88S	as	 a	 control.	 In	a	 first	 set	of	experiments,	 the	





































app	 values	 for	 GSH	whereas	 the	 kcat
app	 and	 Km



















[E]/V	 =	F1/[GSSCys]	 +	F2/[GSH]	 can	be	used	 to	describe	 the	 velocity	 of	 such	 a	ping-pong	
reaction.	The	Dalziel	coefficient	F1	is	the	slope	of	the	secondary	plot	for	kcatapp	(GSH),	whereas	
the	Dalziel	coefficient	F2	is	the	slope	of	the	secondary	plot	for	kcatapp	(GSSCys).	The	reciprocal	




and	PfGrxC32S/C88S/D90A	 as	well	 as	 for	 the	 corresponding	 control	 are	 listed	 in	 Table	 14.	 Both	
reciprocal	 Dalziel	 coefficients	 were	 highly	 similar	 to	 the	 corresponding	 apparent	 catalytic	
efficiencies	 as	 it	was	 also	 observed	before	 for	 the	 homologous	ScGrx7	mutants	 [116].	 For	
PfGrxC32S/C88S/K26A,	 both	 values	 were	 decreased	 by	 up	 to	 one	 or	 two	 orders	 of	magnitude,	








           1/F1  1/F2 kcat       Km (GSH) Km (GSSCys)  
PfGrx  (M-1s-1)  (M-1s-1) (s-1)  (mM) (mM) 
         
   DM  1.3 ´ 106  1.2 ´ 105 ¥  ¥ ¥ 
K26A  6.9 ´ 104  5.0 ´ 104 34 - ¥  0.7 - ¥ 1.2 - ¥ 
                  DM  1.4 ´ 106  1.2 ´ 105 289 - ¥  2.2 - ¥ 0.4 - ¥ 
D90A  1.0 ´ 106  1.7 ´ 105 ¥  ¥ ¥ 
         









falciparum.	 The	 determined	 kinetic	 constants	 of	 PfGrxC32S/C88S/K26A	 revealed	 extreme	









mutants	 for	 GSSCys	 and	 GSH	 obtained	 from	 Supplementary	 figure	 1.	 B:	 Selected	Km



























The	 effect	 of	 the	 replacement	 of	 Asp90	 to	 an	 alanine	 were	 not	 as	 drastic	 as	 for	










the	 analyzed	 mutants.	 The	 true	 kcat	 value	 obtained	 from	 the	 secondary	 plots	 seemed	 to	
decrease	 for	 PfGrxC32S/C88S/K26A	 with	 intercepts	 close	 to	 the	 origin.	 Both	 reciprocal	 Dalziel	
coefficients	 1/f1	and	 1/f2	were	drastically	 decreased.	 The	 effects	 on	 the	 reciprocal	 Dalziel	
coefficient	 1/f1	 were	 more	 than	 one	 order	 of	 magnitude,	 whereas	 the	 reciprocal	 Dalziel	
coefficient	1/f2	dropped	to	a	value	of	round	37%	of	the	PfGrxC32S/C88S	(DM)	value.	The	effects	
of	 a	 replacement	 of	 Asp90	 to	 an	 alanine	 on	 the	 reciprocal	 Dalziel	 coefficients	 was	 less	
pronounced.	The	mutation	mainly	influenced	the	reciprocal	Dalziel	coefficient	1/f1	that	was	
decreased	to	37%	of	the	DM	value.		
Again,	 the	 effects	 of	 both	mutations	 on	 the	 kinetic	 parameters	were	 highly	 similar	 to	 the	
effects	observed	before	with	the	homologous	ScGrx7	mutant in	the	HEDS	assay	pointing	to	a	
conserved	 catalytic	 mechanism	 with	 a	 separated	 glutathione	 activator	 and	 glutathione	
scaffold	 site.	 In	 summary,	 the	 role	 of	 r1	 as	 a	 glutathione	 activator	 residue	 and	 r6	 as	 a	













           1/F1 a  1/F2 a kcat 
a       Km (GSH) 
b Km (HEDS) 
b  
PfGrx  (M-1s-1)  (M-1s-1) (s-1)  (mM) (mM) 
         
         DM  2.2 ´ 105  8.3 ´ 104 ¥  ¥ ¥ 
K26A  1.4 ´ 104  3.1 ´ 104 22 - ¥  2.5 - ¥ 2.1 - ¥ 
                  DM  2.7 ´ 105  7.1 ´ 104 ¥  ¥ ¥ 
D90A  1.0 ´ 105  5.3 ´ 104 ¥  ¥ ¥ 
         

































the	 wild-type	 values.	 The	 effects	 of	 ScGrx7Y110A	 on	 the	 Km














was	 mainly	 significantly	 increased	 with	 unchanged	 Km
app	 values	 for	 GSSCys	 resulting	 in	 a	
slightly	 improved	 catalytic	 efficiency	kcat
app/Km
app	 (GSSCys)	with	 110-126%	of	 the	wild-type	
values.	Please	note	that	most	of	the	changes	of	the	apparent	catalytic	parameters	for	GSSCys	








app	 values	 for	 GSSCys.	 The	 catalytic	 efficiency	 kcat
app/Km
app	 of	 ScGrx7Y110H	 for	 GSH	 was	
effected	 to	 a	 much	 lesser	 extent	 because	 both	 the	 kcat
app	 and	 the	 Km





significantly	 reduced	 to	 a	 value	 of	 24-43%	of	 ScGrx7wt	 resulting	 in	 an	 unchanged	 catalytic	
efficiency	for	GSH.		
Again,	 secondary	 plots	 should	 further	 elucidate	 the	 catalytic	mechanisms	 of	 the	 different	
ScGrx7Y110X	 mutants	 and	 were	 generated	 as	 described	 above.	 Estimated	 true	 kinetic	
parameters	and	the	reciprocal	Dalziel	coefficients	for	ScGrx7Y110X	obtained	from	the	GSSCys	





shown	 by	 ScGrx7Y110A	 with	 a	 decrease	 by	 approximately	 factor	 10.	 The	 reciprocal	 Dalziel	
coefficient	1/f1	for	ScGrx7Y110F	was	slightly	increased	and	decreased	by	75%	for	ScGrx7Y110H.	
Only	 ScGrx7Y110A	 showed	 an	 effect	 on	 the	 reciprocal	 Dalziel	 coefficient	 1/f2,	 which	 was	
reduced	almost	by	factor	5.	The	reciprocal	Dalziel	coefficient	1/f2	for	the	other	mutants	was	
not	altered	in	the	GSSCys	assay	compared	to	ScGrx7wt.		












                    GSSCys assay  
    
     1/Φ1 
a 1/Φ2 
a kcat (GSH)
 a kcat (GSSCys)
 a Km (GSH)
 a Km (GSSCys)
 a 
ScGrx7 (M-1s-1) (M-1s-1) (s-1) (s-1) (µM) (µM) 
        
        WT 7.2 x 105 2.2 x 105 219 380 762 292 
Y110F 7.7 x 105 2.5 x 105 346 554 1067 784 
Y110H 1.8 x 105 2.2 x 105 154 74 422 375 
Y110A 9.2 x 104 4.7 x 104 36 35 426 332 




















Menten	 and	 Lineweaver-Burk	 are	 shown	 in	 Supplementary	 figure	 7,	 the	 apparent	 rate	













not	 significantly	 altered.	 The	 strongly reduced	kcat
app in	 combination	with	 a	 constant	Km
app
resulted	 in	 a	 drastically	 decreased	 catalytic	 efficiency	 kcat
app/Km





were	 not	 significantly	 changed	 compared	 to	 ScGrx7wt,	 whereas	 the	 kcat










not	 significantly	 altered,	whereas	 the	kcat

































                   HEDS assay  
    
     1/Φ1 
a 1/Φ2 
a kcat (GSH)
 a kcat (HEDS)
 a Km (GSH)
 b Km (HEDS)
 b 
ScGrx7 (M-1s-1) (M-1s-1) (s-1) (s-1) (mM) (mM) 
        
       WT 2.4 x 105 1.5 x 105 136     185 1.3 ± 0.8 
  
1.3 ± 0.3 
Y110F 1.2 x 105 1.2 x 105 275 485 
  
2.1 ± 0.9 
  
1.5 ± 0.2 
Y110H 2.9 x 104 3.7 x 104 92 43 
  
1.8 ± 0.3 
  
1.7 ± 0.2 
Y110A 9.5 x 103 4.6 x 103 15 30 
  
0.7 ± 0.2 
  
1.4 ± 0.3 









were	obtained	 from	 the	 slopes	of	 the	 secondary	plots	 in	 Supplementary	 figure	8.	 E:	 Summary	of	 the	 kinetic	







An	aspartate	 at	 position	144	 in	helix	 3	of	ScGrx7	was	 analyzed	as	 a	 further	potential	GSH	
activator	site because	it	sticks	out on the enzyme surface.	The	replacement	of	Asp144	by	an	
alanine	or	a	lysine	as	charge	inversion	mutation	were	analyzed	in	a	GSSCys	assay.	For	the	sake	
of	convenience,	 the	primary	plots	are	shown	 in	Supplementary	 figure	9,	 the	apparent	rate	































of	 the	 analyzed	 residue.	 Estimated	 true	 kinetic	 parameters	 and	 the	 reciprocal	 Dalziel	
coefficients	for	the	ScGrx7D144X	mutants	of	ScGrx7	in	the	GSSCys	assay	are	listed	in	Table	18.	















app	values	 for	ScGrx7D144X	 for	GSSCys	and	GSH	obtained	from	Supplementary	 figure	9.	C:	The	





As	 another	 residue	 of	 helix	 3	 that	 could	 form	 a	 potential	 GSH	 activator	 site,	 Glu147	was	
selected	because	of	geometric	reasons.	Again,	the	residue	was	replaced	by	an	alanine	or	a	
charge	inversion	mutation	(ScGrx7E147K)	and	the	different	mutants	were	analyzed	in	a	GSSCys	
assay	with	 ScGrx7wt	 as	 a	 control.	 The	 primary	 analyses	 are	 summarized	 in	 Supplementary	
figure	 11,	 the	 apparent	 rate	 constants	 are	 listed	 in	 Supplementary	 table	 6,	 the	 secondary	















91%	of	 the	control	values.	The	changes	 for	 the	apparent	catalytic	values	of	ScGrx7E147A	for	
GSSCys	were	not	statistically	significant.		
















































































of	 the	 analyzed	 residue.	 Estimated	 true	 kinetic	 parameters	 and	 the	 reciprocal	 Dalziel	
coefficients	for	ScGrx7R153X	in	the	GSSCys	assay	are	listed	in	table	18.	The	mutation	of	Arg153	
to	alanine	resulted	in	a	decrease	of	the	reciprocal	Dalziel	coefficient	1/f1	by	more	than	factor	














                    GSSCys assay  
    
     1/Φ1 
a 1/Φ2 
a kcat (GSH)
 a kcat (GSSCys)
 a Km (GSH)
 a Km (GSSCys)
 a 
ScGrx7 (M-1s-1) (M-1s-1) (s-1) (s-1) (µM) (µM) 
                WT 7.1 x 105 2.8 x 105 206 213 744 257 
       D144A 5.7 x 105 3.0 x 105 151 161 488 250 
D144K 5.9 x 105 4.7 x 105 161 591 590 760 
       
E147A 7.1 x 105 2.9 x 105 370 259 926 314 
E147K 7.6 x 105 7.0 x 105 332 263 300 280 
       
R153A 2.8 x 105 2.7 x 105 168 125 293 404 
R153E 1.4 x 105 1.4 x 105 113 72 807 491 


















glutathione	 activator	 and	 glutathione	 scaffold,	 respectively	 [116].	 As	 another	 mutant	
ScGrx7Y110A	was	analyzed	because	this	mutant	also	showed	a	strong	effect	in	the	GSSCys	assay	
that	might	be	influenced	by	an	altered	pKa	value.	Additionally	to	the	alanine	mutants	of	these	





















8.5.	 The	 residual	 enzyme	 activity	was	measured	 in	 a	 standard	HEDS	 assay	 and	 normalized	 against	 a	 control	





The	 pKa	 value	 of	 ScGrx7





















new	 targets	 for	 drug	 design.	 Furthermore,	 it	 could	 help	 to	 gain	more	 insights	 into	 the	
evolution	of	eukaryotes.	The	two	known	components	of	mitochondrial	protein	import	into	
the	IMS	of	L.	infantum	(LiErv	and	LisTim1)	seem	to	be	essential	for	parasite	survival	[157].	
Erv	 from	 the	 closely	 related	 parasite	T.	 brucei	was	 also	 shown	 to	 be	 essential	 by	 RNAi	
studies	[37,	155,	158].	Therefore,	the	missing	link	–	the	putative	Mia40	adapter	replace-
ment	–	is	likely	to	be	essential	as	well	and	may	be	a	promising	target	for	drug	development.	
An	 appropriate	 drug	 would	 interfere	 only	 with	 the	 parasite	 specific	 Mia40	 adapter	
replacement,	but	not	with	the	MIA	pathway	of	the	host	cell.	
In	 this	work,	different	 strategies	 for	endogenous	chemical	 trapping	of	a	mixed	disulfide	





an	 interacting	 protein	 (Figure	 20).	 Even	 with	 highly	 enriched	 LtErv	 protein	 levels	 after	









Trapping	 attempts	 with	 the	 model	 substrate	 LtsTim1	 showed	 several	 disulfide-bridged	
intermediates	 that	 could	 potentially	 reflect	 heterodimers	 between	 LtsTim1	 and	Mia40	
adapter	 replacement	 candidates	 (Figure	 16	 and	 Figure	 21).	However,	 an	 enrichment	 of	
these	 intermediates	by	affinity	chromatography	was	not	possible	because	of	systematic	
problems	 with	 western	 blot	 analyses	 of	 LtsTim1.	 The	 protein	 is	 known	 to	 be	 highly	
hydrophobic [160] and	tends	to	form	oligomers	that	are	visible	as	strong	signals	between	
the	 separating	 and	 stacking	 gel	 of	 the	 SDS-PAGE	 gel	 in	 western	 blot	 analyses.	 These	
oligomers	could	not	be	eliminated	using	various	protocols	(Figure	15).		
Taken	 together,	 neither	 trapping	 attempts	 with	 LtsTim1	 as	 a	 model	 substrate	 for the	
oxidative	folding	pathway	 in	the	 IMS,	nor	with	LtErv	 led	to	the	 identification	of	a	stable	
disulfide-bonded	 interaction	partner.	The	correct	 localization	of	 the	bait	proteins	 to	the	
mitochondria	of	L.	 tarentolae	were	confirmed	 (Figure	22).	Hence,	 the	 results	 cannot	be	
explained	by	mislocalized	bait	proteins.	However,	a	non-covalent	or	transient	interaction	
with	a	Mia40	adapter	replacement	cannot	be	excluded.	All	experiments	were	based	on	the	




its	 substrate	 that	 are	 stable	 for	 several	 seconds	 to	minutes	 [159,	161].	 This	behavior	 is	
rather	 unusual	 compared	 to	 other	 oxidoreductases	 such	 as	 members	 of	 the	 protein	
disulfide	 isomerase	 (PDI)	 that	 catalyze	 very	 fast	 oxidative	 protein	 folding	 in	 the	
endoplasmatic	 reticulum	 [162].	 It	 is	 possible	 that	 the	 Mia40	 adapter	 replacement	 in	
kinetoplastida	is	also	a	highly	specific	and	efficient	enzyme	and	would	hence	be	missed	in	
the	analyses	because	of	very	transient	interactions.		
BioID	 is	 a	 method	 that	 might	 overcome	 these	 problems	 because	 also	 very	 transient	
interactions	can	potentially	be	detected	as	the	biotinylated	interacting	proteins	accumulate	
over	time	[84].	Moreover,	the	interaction	partner	does	not	necessarily	have	to	be	linked	


















oxidase	 and	 hypothesize	 that	 a	 similar	 situation	 might	 still	 be	 found	 in	 some	 protists	
(starting	from	eukaryote	B	and	taking	route	4	in	the	evolutionary	model	in	Figure	42).	Might	
LtErv	with	its	additional	kinetoplastida-specific	second	(KISS)	domain	functionally	replace	
Mia40	 in	 kinetoplastida?	 This	 would	 imply	 an	 alternative	 pathway	 in	 apicomplexan	
parasites	because	they	do	not	possess	a	KISS	domain.	Even	if	LtErv	would	operate	alone	




observed	 in	 this	 work.	 According	 to	 the	 hypothesis	 of	 a	 simplified	 oxidative	 folding	
machinery,	LtErv	should	also	be	able	to	complement	the	function	of	ScMia40	in	yeast	due	























pathway	 of	 the	 IMS	 by	 Peikert	 et	 al.	 in	 T.	 brucei	 [158]	 was	 therefore	 used	 to	 select	
alternative	substrates	that	could	serve	as	bait	proteins	 for	 further	 investigations	 (Figure	
43).	What	 characterizes	 a	 protein	 from	 this	 list	 as	 a	 suited	model	 substrate	 for	 further	







parasites	 and	opisthokonts	was	also	 considered	because	 this	 list	 could	also	 contain	 the	








as	 well	 as	 two	 proteins	 with	 less	 characteristic	motifs	 (Tb927.10.4280/substrate	 2	 and	



















only	one	 cysteine	 residue	 left?	 In	 yeast,	 a	 cysteine-free	mutant	of	 the	Mia40	 substrate	
Atp23	was	shown	to	be	efficiently	imported	into	isolated	mitochondria	[166].	The	import	















Initially,	 it	 was	 planned	 to	 perform	 pull-down	 experiments	 for	 the	 identification	 of	 a	
potential	Mia40	adapter	replacement	coupled	with	a	SILAC	approach.	An	advantage	of	this	
method	is	that	it	can	discriminate	between	unspecific	hits	and	actual	interaction	partners	
as	 explained	 in	 the	 introduction.	 Several	 cultivation	 media	 combined	 with	 different	
supplements	 were	 tested	 in	 order	 to	 identify	 a	 defined	 medium	 for	 cultivation	 of	 L.	
tarentolae	as	a	prerequisite	 for	a	SILAC	approach.	Even	 in	an	extensive	search	with	216	
different	compositions	no	completely	defined	medium	could	be	determined	for	the	use	in	











machinery	 of	 kinetoplastida	 (Figure	 28).	 LtErv	 seems	 to	 be	 mainly	 oxidized	 under	

























recombinant	 production	 of	 biologically	 active	 and	 natively	 processed	 proteins	 [60].	
Therefore,	L.	 tarentolae	was	used	 in	 this	work	to	obtain	recombinant	P.	 falciparum	Erv,	

















falciparum.	 Western	 blot	 analyses	 revealed	 three	 additional	 bands	 to	 the	 one	
corresponding	 to	 the	 monomeric	 isoform	 of	 PfErv	 after	 NEM	 treatment	 under	 non-
reducing	 conditions	 (Figure	 31).	 The	 two	 upper	 bands	 may	 reflect	 mixed	 disulfide	
intermediates	 between	 PfErv	 and	 a	 potential	 interaction	 partner.	 However,	 the	 band	





for	 the	 sample	 treated	 with	 NEM	 under	 non-reducing	 conditions.	 Hence,	 most	 likely	
intramolecular	 disulfide	 bonds	 of	 PfErv	 were	 stabilized	 by	 alkylation	 with	 NEM	 and	





Taken	 together,	 a	 potential	 replacement	 for	 Mia40	 in	 parasitic	 protists	 remains	 to	 be	
identified	and	the	oxidative	folding	machinery	in	the	IMS	of	kinetoplastida	and	apicomplexa	
could	 not	 be	 unraveled	 during	 this	 PhD	 project.	 However,	 various	 protocols	 including	
trapping	of	potential	mixed	disulfide-bonded	interaction	partners,	native	and	denaturing	
pull-downs	and	redox	mobility	shift	assays	were	established	in	this	work.	These	techniques	
might	 in	 the	 future	be	helpful	 to	 find	a	Mia40	adapter	 replacement	 (or	 to	 show	 that	 a	
comparable	 replacement	 does	 not	 exist)	 and	 to	 further	 elucidate	 the	 oxidative	 protein	
folding	 machinery.	 First	 results	 with	 PfErv	 already	 showed	 mixed	 disulfide-bonded	
interactions	 and	 can	 be	 characterized	 in	 future	 by	 endogenous	 tagging	 using	 the	
CRISPR/Cas9	technology.	Moreover,	initial	results	with	the	four	newly	designed	cysteine-













How	exactly	 is	 the	 substrate	preference	 for	one	of	 the	 two	 substrates	of	 glutaredoxins	
determined	 by	 different	 enzyme	 residues?	 It	 was	 shown	 that	 the	 preference	 of	
glutaredoxins	 for	GSSR	and	GSH	depends	on	the	γ-glutamyl	moiety	of	glutathione	 [171-
173].	However,	the	conventional	model	of	Grx	catalysis	does	not	explain	the	exact	binding	
of	 the	 different	 substrates.	 Therefore,	 I	 further	 investigated	 the	 interaction	 of	 specific	
enzyme	 areas	 with	 the	 substrates	 and	 the	 general	 mechanisms	 of	 Grx	 catalysis	 in	 the	
second	project	of	my	thesis	[106,	116].		
First,	 the	 applicability	 of	 the	 mechanistic	 model	 proposing	 two	 distinct	 glutathione	
interaction	 sites	 in	 ScGrx7	was	 tested	 using	 the	 non-related	 enzyme	PfGrx.	 The	mainly	
conserved	residue	Lys26	of	PfGrx	was	analyzed	in	analogy	to	ScGrx7K105	(Figure	32).	Kinetic	
parameters	determined	by	GSSCys	and	HEDS	assays	were	highly	similar	to	the	respective	
mutant	 ScGrx7K105A	 analyzed	 by	 Patricia	 Begas	 during	 her	 MD	 thesis	 [116].	 The	











results	 obtained	 from	 analysis	 of	 the	 homologous	 ScGrx7	 residue	 and	 the	 proposed	
glutathione-scaffold	model	 [116].	Again,	 the	determined	kinetic	parameters	were	highly	













indicate	a short-lived	enzyme-substrate	 interaction with a	rate-limiting	re-orientation of	
the	substrate.	The	reductive	half-reaction	with	GSH	is	rate-limiting	with	a	rate	constant	of	
1.2	×	105	M-1s-1	and	10	times	slower	than	the	oxidation	by	GSSCys	with	a	rate	constant	of	




ScGrx7K105	 [116].	 The	 obtained	 rate	 constants	 are	 in	 accordance	 with	 analyses	 of	
mammalian	glutaredoxins	and	poplar	GrxS12	that	revealed	rate	constants	between	2.5	×	











with	 Asp90	 of	PfGrx,	 Figure	 32)	 and	 a	 conserved	mechanism	 for	 glutaredoxin	 catalysis	
investigating	the	non-related	enzyme	PfGrx.	The	kinetic	parameters	of	mutant	ScGrx7	[116]	
and	the	respective	PfGrx	mutants	were	highly	similar.	Therefore,	the	results	obtained	for	











Two	 distinct	 residues	 of	 two	 non-related	 Grx	were	 assigned	 as	 part	 of	 the	 glutathione	
activator	 and	 glutathione	 scaffold	 site.	 Nevertheless,	 the	 prediction	 of	 the	 complete	
glutathione	activator	site	without	transition-state	analogous	is	difficult	because	of	instable	
















because	 of	 a	 potential	 “sandwich-like”	 arrangement	 of	 the	 two	 different	 substrate	
interaction	sites.	This	would	imply	that	the	effects	also	of	other	mutations	on	the	oxidative	
half-reaction	cannot	be	strictly	separated	from	the	reductive	half-reaction.	The	behavior	





















a	 replacement	 at	 this	 position	 by	 phenylalanine	 does	 not	 necessarily	 lead	 to	 a	 higher	
enzymatic	 activity.	Regulation	of	 the	enzyme	by	posttranslational	modifications	 such	as	
phosphorylation	could	play	a	role	for	the	different	preferences	 in	various	glutaredoxins.	





best	 of	my	 knowledge,	 the	 only	 evidence	 for	 a	 phosphorylation	 of	 a	 glutaredoxin	 was	
published	by	Peggion	et	al.	showing	the	phosphorylation	of	ScGrx4	by	the	kinase	Bud32p	























catalytically	 active	 glutaredoxins	 ScGrx6	 and	 PfGrx.	 However,	 a	 replacement	 of	 the	
homologs	of	Asp144	of	ScGrx7	is	not	always	beneficial.	In	nature,	this	residue	is	replaced	
by	a	positively	charged	amino	acid	 in	several	glutaredoxins	that	are	 inactive	 in	standard	












the	HEDS	assay.	However,	 residue	153	 in	ScGrx7	 that	was	 analyzed	 in	 this	work,	 is	 not	
replaced	in	ScGrx8	(Arg79)	and	therefore	does	not	explain	the	difference	between	active	
and	 inactive	Grx.	 Further	experiments	might	address	 the	question,	whether	Thr154	and	
Val155	are	part	of	 the	glutathione	activator	site.	Taken	 together,	 residue	153	 in	ScGrx7	














The	 reductive	half-reaction	 is	 critical	 and	often	 rate-limiting	presumably	because	of	GS-	














differences	 in	 the	 activity	 [127].	 Jao	 et	 al.	 analyzed	 the	 influence	 of	 residue	 1	 (Lys19;	
homologous	to	Lys105	of	ScGrx7)	on	the	thiol	pKa	value	of	the	active	site	cysteine	in	human	
Grx	[174].	The	predicted	increase	of	the	pKa	value	for	enzymes	carrying	mutations	of	this	
residue,	 determined	 by	 modeling	 of	 the	 NMR	 structure,	 could	 not	 be	 experimentally	
confirmed	 and	 therefore	 does	 not	 fully	 account	 for	 the	 differences	 in	 the	 enzymatic	
activity.		
A	similar	result	was	also	observed	in	this	work.	Most	of	the	analyzed	mutants	did	not	show	
a	 significantly	 altered	pKa	 value	despite	 reduced	enzymatic	 activities	 in	 the	GSSCys	 and	







site	 cysteine	 in	ScGrx7K105E,	which	also	 revealed	 the	most	drastically	 reduced	enzymatic	
activity	in	previous	studies	[116],	was	significantly	increased	from	4.34	to	4.97.		
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plots	showing	 the	GSH-dependent	 reaction	velocity	at	different	 fixed	GSSCys-concentrations.	 (b)	Lineweaver-































PfGrx (µM) (s-1) (µM) (mM-1s-1) 
         
               DM  25  30.4  ± 0.4  100 %  206 ± 10 100 %  147  100 %  
K26A 25 1.7  ± 0.1  6 % 31.2  ± 2.0  15 % 55 37 %  
D90A  25  25.1 ± 0.7 83 %  119 ± 19 58 %  211 144 %
               
               DM  50  56.8  ± 1.1  100 %  403 ± 25  100 %  141 100 %  
K26A  50  3.3  ± 0.1  6 %  61.6  ± 3.6  15 %  53 38 %  
D90A  50  47.8  ± 2.0  84 %  262  ± 41  65 %  182  129 %  
               
               DM  100  88.3  ± 0.9  100 %  591 ± 17  100 %  149 100 %  
K26A  100  6.6  ± 0.1  7 %  134  ± 6.9  23 %  49 33 %  
D90A  100  90.9  ± 3.2  103 %  488 ± 47  83 %  186 125 %  
               
               DM  150  160 ± 5.6  100 %  1157 ± 84  100 %  138  100 %  
K26A  150  8.1  ± 0.2  5 %  156  ± 14  13 %  52  38 %  
D90A  150  136  ± 4.0  85 %  723  ± 51  62 %  189 137 %  
               










PfGrx  (µM)  (s-1)  (µM)  (mM-1s-1) 
         
               DM  300  33.3 ± 0.4  100 %  25.3 ± 1.2  100 %  1399 100 %  
K26A  300  10.3 ± 0.9 31 %  139 ± 21  549 %  74 5 %  
D90A  300  50.4 ± 1.0  151 %  45.6 ± 2.8  180 %  1105 79 %  
               
               DM 500 56.4 ± 0.6  100 % 42.8 ± 1.4  100 % 1351 100 %  
K26A  500  17.2 ± 2.4 30 %  235 ± 48 549 %  73 5 %
D90A  500  84.9 ± 5.1  151 %  84.6 ± 12  198 %  1003 74 %  
               
               DM  1000  98.2 ± 2.5  100 %  73.1 ± 4.7  100 %  1316 100 %  
K26A  1000  25.2 ± 4.5 26 %  361 ± 86 494 %  70 5 %  
D90A  1000  168 ± 7.9 171 %  167 ± 14  228 %  1004 76 %  
               
               DM  2000  112 ± 2.4  100 %  82.9 ± 4.0  100 %  1311 100 %  
K26A 2000 36.1 ± 7.4 32 % 516 ± 130  1622 % 70 5 %  
D90A  2000  265 ± 15 237 %  260 ± 22 314 %  1019 78 %



















values	 (in	 brackets)	were	 omitted	 from	 the	 linear	 regression	 analysis.	 All	 data	 points	 represent	 the	mean	 ±	

































values	 of	 the	 HEDS	 assays	 with	 the	 PfGrx	 mutants	 obtained	 from	 supplementary	 figure	 3.	 aMean±SD	 from	














PfGrx  (mM)  (s-1)  (mM)  (mM-1s-1) 
         
               DM  0.18  37.1  ± 2.0  100 %  1.84 ± 0.20 100 %  20.2  100 %  
K26A  0.18  2.3  ± 0.1  6 %  1.96  ± 0.24  107%  1.2 6 %  
D90A  0.18  19.8  ± 1.5  53 %  1.37  ± 0.19  74 %  14.5  72 %  
               
               
DM  0.37  66.7  ± 3.0  100 %  1.86 ± 0.17  100 %  35.9 100 %  
K26A  0.37  4.5  ± 0.3  7 %  2.12  ± 0.23  114 %  2.1 6 %  
D90A  0.37  36.7  ± 3.5  55 %  1.51  ± 0.26  81 %  24.3  68 %  
               
               
DM  0.55  96.0  ± 2.1  100 %  2.08 ± 0.09  100 %  46.2 100 %  
K26A  0.55  6.5  ± 0.3  7 %  2.38  ± 0.19  114 %  2.7 6 %  
D90A  0.55  65.6  ± 8.8  68 %  2.27 ± 0.49  109 %  28.8 62 %  
               
               
DM  0.74  134 ± 9.1  100 %  2.86 ± 0.31  100 %  46.9  100 %  
K26A  0.74  7.2  ± 0.3  5 %  1.72  ± 0.17  60 %  4.2  9 %  
D90A  0.74  101  ± 10  75 %  3.29  ± 0.48  115 %  30.8 66 %  
               










PfGrx  (mM)  (s-1)  (mM)  (mM-1s-1) 
         
               DM  0.25  20.1 ± 1.0  100 %  0.51 ± 0.05  100 %  39.3 100 %  
K26A  0.25  2.1 ± 1.1 11 %  1.30 ± 0.86  253 %  1.7 4 %  
D90A  0.25  13.6 ± 0.7  68 %  0.68 ± 0.06  133 %  20.0 51 %  
               
               DM  0.5  40.6 ± 0.7  100 %  0.57 ± 0.02  100 %  71.2 100 %  
K26A  0.5  3.7 ± 1.5 9 %  1.16 ± 0.91  203 %  3.2 4 %  
D90A  0.5  23.6 ± 0.6  58 %  0.61 ± 0.03  108 %  38.4 54 %  
               
               DM  1.0  78.2 ± 2.0  100 %  0.75 ± 0.03  100 %  105 100 %  
K26A  1.0  8.5 ± 2.4 11 %  1.80 ± 0.98 241 %  4.7 4 %  
D90A  1.0  58.3 ± 2.6 75 %  1.02 ± 0.07  137 %  57.1 55 %  
               
               DM  2.0  130 ± 7.4  100 %  0.76 ± 0.08  100 %  170 100 %  
K26A  2.0  14.8 ± 3.9 11 %  2.06 ± 0.80  1270 %  7.2 4 %  
D90A  2.0  129 ± 18 99 %  1.83 ± 0.35 241 %  70.2 41 %  


















values	 at	 different	 concentrations	 of	 HEDS	 (left	 side)	 and	 GSH	 (right	 side).	 Outliers	 at	 the	 lowest	 substrate	














Supplementary	 figure	 5	 |	 Steady-state	 kinetics	 of	 ScGrx7Y110X	 mutants	 in	 the	 GSSCys	 assay.	 (a)	Michaelis-
Menten	 plots	 showing	 the	 GSH-dependent	 reaction	 velocity	 at	 different	 fixed	 GSSCys-concentrations.	 (b)	


















app	 values	 of	 the	 GSSCys	 assays	 with	 the	 ScGrx7wt	 enzyme	 and	 Y110X	 mutants	 obtained	 from	
supplementary	figure	5.	aMean±SD	from	Michaelis-Menten	plots	of	supplementary	figure	5	of	three	independent	
protein	 purifications.	 Percentages	 are	 relative	 to	ScGrx7wt.	WT:	ScGrx7	wild-type;	 Y110F:	 ScGrx7Y110F;	 Y110H:	
ScGrx7Y110H;	Y110A:	ScGrx7Y110A.	
	










ScGrx7  (µM)  (s-1)  (µM)  (mM-1s-1) 
         
               WT  25  18.8  ± 0.3  100 %  104 ± 7.6 100 %  180  100 %  
Y110F  25  17.9  ± 0.2  95 %  68.1  ± 4.2  65 %  264  147 %  
Y110H  25  4.8  ± 0.1  26 %  24.8  ± 3.8  24 %  198  110 %  
Y110A  25  2.4  ± 0.0  13 %  58.2  ± 4.5  56 %  41  23 %  
               
               
WT  50  31.1  ± 1.1  100 %  128 ± 16.8  100 %  243 100 %  
Y110F  50  36.6  ± 0.5  118 %  141  ± 7.7  110 %  259 107 %  
Y110H  50  8.4  ± 0.0  27 %  42.8  ± 0.9  33 %  196  81 %  
Y110A  50  4.1  ± 0.1  13 %  100  ± 5.7  78 %  41 17 %  
               
               WT  100  52.3  ± 2.2  100 %  215 ± 28.5  100 %  243 100 %  
Y110F  100  60.7  ± 1.0  116 %  216  ± 10.8  101 %  280 115 %  
Y110H  100  16.9  ± 5.0  32 %  93.0  ± 5.0  43 %  181 74 %  
Y110A  100  7.2  ± 0.1  14 %  159  ± 7.1 74 %  46 19 %  
               
               WT  150  75.2 ± 1.6  100 %  291 ± 17.6  100 %  258  100 %  
Y110F 150 82.5  ± 2.0  110 % 302  ± 20.1  104 % 273  106 %  
Y110H  150  21.6  ± 0.3  29 %  105  ± 6.4  36 %  204 79 %  
Y110A  150  10.1  ± 0.1  13 %  219  ± 9.6 75 %  46  18 %  
               










ScGrx7  (µM)  (s-1)  (µM)  (mM-1s-1) 
         
               WT  50  12.6 ± 0.5  100 %  19.7 ± 3.8  100 %  639 100 %  
Y110F  50  13.9 ± 0.03 110 %  19.6 ± 0.2  99 %  712 111 %  
Y110H  50  9.4 ± 0.5  75 %  50.4 ± 6.4  256 %  187 29 %  
Y110A  50  2.5 ± 0.1 20 %  42.8 ± 6.5  217 %  60 9 %  
               
               WT  100  21.2 ± 1.5  100 %  34.2 ± 6.4  100 %  621 100 %  
Y110F  100  23.9 ± 1.2 113 %  32.0 ± 5.2  94 %  746 120 %  
Y110H  100  17.0 ± 0.6  80 %  90.3 ± 6.1  264 %  188 30 %  
Y110A  100  4.1 ± 0.2  19 %  48.9 ± 6.7 143 %  84 14 %  
               
               WT  200  40.4 ± 5.2  100 %  64.7 ± 19.7  100 %  624 100 %  
Y110F  200  49.1 ± 2.4 122 %  68.6 ± 7.6 106 %  716 115 %  
Y110H  200  24.2 ± 1.1 60 %  116 ± 10.3  180 %  207 33 %  
Y110A  200  7.5 ± 0.7  19 %  85.9 ± 15.9  133 %  87 14 %  
               
               
WT 1000 163 ± 54.8  100 % 266 ± 129  100 % 612 100 %  
Y110F  1000  142 ± 13.7 87 %  184 ± 28.3  169 %  771 126 %  
Y110H  1000  63.1 ± 16.3 39 %  319 ± 113 120 %  198 32 %  
Y110A  1000  19.2 ± 1.9  12 %  204 ± 30.7  77 %  94 15 %  


















values	 (in	 brackets)	were	 omitted	 from	 the	 linear	 regression	 analysis.	 All	 data	 points	 represent	 the	mean	 ±	




















































ScGrx7  (mM)  (s-1)  (mM)  (mM-1s-1) 
         
               WT  0.18  32.1  ± 1.4  100 %  1.55 ± 0.12 100 %  20.7  100 %  
Y110F  0.18  19.7  ± 2.5  61 %  1.64  ± 0.38  106 %  12.0  58 %  
Y110H  0.18  4.9  ± 0.2  15 %  1.52  ± 0.10  98 %  3.2  15 %  
Y110A  0.18  1.6  ± 0.1  5 %  1.64  ± 0.12  106 %  0.9  4 %  
               
               
WT  0.37  58.6  ± 2.4  100 %  1.60 ± 0.12  100 %  36.7 100 %  
Y110F  0.37  39.9  ± 1.0  68 %  1.73  ± 0.08  108 %  23.0 63 %  
Y110H  0.37  10.2  ± 0.7  17 %  1.89  ± 0.23  118 %  5.4  15 %  
Y110A  0.37  2.6  ± 0.1  4 %  1.07  ± 0.09  67 %  2.5 7 %  
               
               WT  0.55  64.6  ± 3.4  100 %  1.14 ± 0.12  100 %  56.6 100 %  
Y110F  0.55  52.7  ± 2.8  82 %  1.46  ± 0.14  128 %  36.1 64 %  
Y110H  0.55  14.0  ± 0.3  22 %  1.89  ± 0.06  166 %  7.4 13 %  
Y110A  0.55  3.6  ± 0.4  6 %  1.25  ± 0.24 110 %  2.9 5 %  
               
               WT  0.74  72.9 ± 3.4  100 %  1.10 ± 0.10  100 %  66.5  100 %  
Y110F 0.74 63.4  ± 4.9  87 % 1.32  ± 0.19  120 % 48.0  72 %  
Y110H  0.74  16.0  ± 1.1  22 %  1.64  ± 0.18  149 %  9.7 15 %  
Y110A  0.74  5.6  ± 0.2  8 %  1.52  ± 0.12 138 %  3.7  6 %  
               










ScGrx7  (mM)  (s-1)  (mM)  (mM-1s-1) 
         
               WT  0.3  34.1 ± 4.1  100 %  0.92 ± 0.18  100 %  36.9 100 %  
Y110F  0.3  31.2 ± 15.8 91 %  1.78 ± 1.20  193 %  17.5 47 %  
Y110H  0.3  10.2 ± 1.9  30 %  2.27 ± 0.53  245 %  4.5 12 %  
Y110A  0.3  1.7 ± 0.3 5 %  1.10 ± 0.33  120 %  1.5 4 %  
               
               WT  0.5  63.9 ± 4.1  100 %  1.33 ± 0.12  100 %  47.8 100 %  
Y110F  0.5  78.5 ± 31 123 %  3.40 ± 1.58  256 %  23.1 48 %  
Y110H  0.5  13.8 ± 1.6  22 %  2.02 ± 0.30  152 %  6.9 14 %  
Y110A  0.5  2.0 ± 0.3  3 %  0.67 ± 0.18 50 %  3.0 6 %  
               
               WT  1.0  81.1 ± 8.9  100 %  0.90 ± 0.16  100 %  90.1 100 %  
Y110F  1.0  104.4 ± 19.4 129 %  2.59 ± 0.59 288 %  40.2 45 %  
Y110H  1.0  20.4 ± 0.8 25 %  1.65 ± 0.15  183 %  12.3 14 %  
Y110A  1.0  4.5 ± 0.9  6 %  0.79 ± 0.26  88 %  5.8 6 %  
               
               
WT 1.5 90.0 ± 12.5  100 % 0.82 ± 0.19  100 % 110 100 %  
Y110F  1.5  138.9 ± 28.9 154 %  2.85 ± 0.71  1348 %  48.8 44 %  
Y110H  1.5  25.8 ± 3.6 29 %  1.77 ± 0.32 216 %  14.6 13 %  
Y110A  1.5  4.2 ± 0.1  5 %  0.61 ± 0.02  74 %  6.8 6 %  


















values	 (in	 brackets)	were	 omitted	 from	 the	 linear	 regression	 analysis.	 All	 data	 points	 represent	 the	mean	 ±	













Supplementary	 figure	 9	 |	 Steady-state	 kinetics	 of	 ScGrx7D144X	mutants	 in	 the	 GSSCys	 assay.	 (a)	Michaelis-
Menten	 plots	 showing	 the	 GSH-dependent	 reaction	 velocity	 at	 different	 fixed	 GSSCys-concentrations.	 (b)	































ScGrx7  (µM)  (s-1)  (µM)  (mM-1s-1) 
         
               WT  25  16.2  ± 0.2  100 %  67.5 ± 4.4 100 %  240  100 %  
D144A  25  13.0  ± 0.1  80 %  68.6 ± 2.6  102 %  190  79 %  
D144K  25  10.9  ± 0.1  67 %  25.2 ± 1.2  37 %  433 180 %  
               
               
WT  50  30.4  ± 0.4  100 %  120 ± 5.6  100 %  253 100 %  
D144A  50  23.1  ± 0.2  76 %  103  ± 4.2  86 %  225  89 %  
D144K  50  24.9  ± 0.4  82 %  64.0  ± 5.6  53 %  389 154 %  
               
WT  100  53.3  ± 0.9  100 %  211 ± 11.1  100 %  253 100 %  
D144A  100  40.0  ± 1.0  75 %  194  ± 16.4  92 %  214 85 %  
D144K  100  42.2  ± 0.7  79 %  82.6  ± 6.2 38 %  511 202 %  
               
               
WT  150  68.0 ± 2.4  100 %  244 ± 27.1  100 %  279  100 %  
D144A  150  58.7  ± 1.3  86 %  275 ± 18.1  113 %  214 77 %  
D144K  150  58.2  ± 1.7  86 %  138 ± 13.1 56 %  422  151 %  
               










ScGrx7  (µM)  (s-1)  (µM)  (mM-1s-1) 
         
               WT  50  13.3 ± 0.5  100 %  22.1 ± 3.3  100 %  603 100 %  
D144A  50  16.0 ± 0.8  120 %  44.4 ± 6.0  201 %  360 60 %  
D144K  50  22.7 ± 0.8 171 %  50.2 ± 4.9  227 %  453 75 %  
               
               
WT  100  23.2 ± 0.7  100 %  36.4 ± 3.1  100 %  639 100 %  
D144A  100  26.2 ± 0.9  112 %  62.7 ± 5.3  172 %  418 65 %  
D144K  100  41.3 ± 4.4  178 %  89.2 ± 19.5 245 %  463 72 %  
               
               
WT  200  45.8 ± 2.6  100 %  70.7 ± 9.0  100 %  648 100 %  
D144A  200  42.3 ± 4.4 92 %  89.3 ± 19.1  126 %  473 73 %  
D144K  200  95.2 ± 5.3  208 %  213 ± 18.1  301 %  446 69 %  
               
               
WT  1000  114 ± 13.0  100 %  155 ± 29.9  100 %  735 100 %  
D144A  1000  122 ± 12.5 107 %  252 ± 37.3 163 %  485 66 %  
D144K  1000  182 ± 37.1  160 %  377 ± 103  243 %  483 66 %  


















values	 (in	 brackets)	were	 omitted	 from	 the	 linear	 regression	 analysis.	 All	 data	 points	 represent	 the	mean	 ±	













Supplementary	 figure	 11	 |	 Steady-state	 kinetics	 of	ScGrx7E147X	mutants	 in	 the	GSSCys	 assay.	 (a)	Michaelis-
Menten	 plots	 showing	 the	 GSH-dependent	 reaction	 velocity	 at	 different	 fixed	 GSSCys-concentrations.	 (b)	
















app	 values	 of	 the	 GSSCys	 assays	 with	 the	 ScGrx7wt	 enzyme	 and	 E147X	 mutants	 obtained	 from	
supplementary	 figure	 11.	 aMean±SD	 from	 Michaelis-Menten	 plots	 of	 supplementary	 figure	 11	 of	 three	
independent	 protein	 purifications.	 Percentages	 are	 relative	 to	 ScGrx7wt.	 WT:	 ScGrx7	 wild-type;	 E147A:	
ScGrx7E147A;	E147K:	ScGrx7E147K.	
	










ScGrx7  (µM)  (s-1)  (µM)  (mM-1s-1) 
         
               WT  25  16.2  ± 0.2  100 %  67.5 ± 4.4 100 %  240  100 %  
E147A  25  17.0  ± 0.1  105 %  77.6  ± 2.3  115 %  219  91 %  
E147K  25  18.0  ± 0.3  111 %  47.4 ± 4.9  70 %  379  158 %  
               
               
WT  50  30.4  ± 0.4  100 %  120 ± 5.6  100 %  253 100 %  
E147A  50  32.3  ± 0.5  106 %  145  ± 0.5  121 %  223 88 %  
E147K  50  34.4  ± 0.6  113 %  87.2  ± 6.5  73 %  395 156 %  
               
WT  100  53.3  ± 0.9  100 %  211 ± 11.1  100 %  253 100 %  
E147A  100  60.4  ± 1.0  113 %  237  ± 12.4  112 %  255 101 %  
E147K  100  67.3  ± 0.8  126 %  139  ± 6.3 66 %  486 192 %  
               
               
WT  150  68.0 ± 2.4  100 %  244 ± 27.1  100 %  279  100 %  
E147A  150  82.9  ± 1.3  122 %  344  ± 14.0  141 %  241 86 %  
E147K  150  77.2  ± 1.4  114 %  142  ± 9.2 58 %  543  195 %  
               










ScGrx7  (µM)  (s-1)  (µM)  (mM-1s-1) 
         
               WT  50  13.3 ± 0.5  100 %  22.1 ± 3.3  100 %  603 100 %  
E147A  50  13.6 ± 0.4  102 %  25.8 ± 2.5  117 %  526 87 %  
E147K  50  30.9 ± 1.3 232 %  60.9 ± 6.0  276 %  508 84 %  
               
               
WT  100  23.2 ± 0.7  100 %  36.4 ± 3.1  100 %  639 100 %  
E147A  100  25.8 ± 1.8  111 %  41.1 ± 8.0  113 %  629 98 %  
E147K  100  57.5 ± 2.2  248 %  104 ± 7.9 287 %  550 86 %  
               
               
WT  200  45.8 ± 2.6  100 %  70.7 ± 9.0  100 %  648 100 %  
E147A  200  45.0 ± 1.4 98 %  70.4 ± 4.9  100 %  640 99 %  
E147K  200  77.9 ± 3.3  170 %  117 ± 9.2  165 %  665 103 %  
               
               
WT  1000  114 ± 13.0  100 %  155 ± 29.9  100 %  735 100 %  
E147A  1000  139 ± 7.3 122 %  189 ± 15.6 122 %  737 100 %  
E147K  1000  363 ± 33.2  318 %  509 ± 54.2  328 %  714 97 %  


















values	 (in	 brackets)	were	 omitted	 from	 the	 linear	 regression	 analysis.	 All	 data	 points	 represent	 the	mean	 ±	













Supplementary	 figure	 13	 |	 Steady-state	 kinetics	 of	ScGrx7R153X	mutants	 in	 the	GSSCys	 assay.	 (a)	Michaelis-
Menten	 plots	 showing	 the	 GSH-dependent	 reaction	 velocity	 at	 different	 fixed	 GSSCys-concentrations.	 (b)	
















app	 values	 of	 the	 GSSCys	 assays	 with	 the	 ScGrx7wt	 enzyme	 and	 R153X	 mutants	 obtained	 from	
supplementary	 figure	 13.	 aMean±SD	 from	 Michaelis-Menten	 plots	 of	 supplementary	 figure	 13	 of	 three	
independent	 protein	 purifications.	 Percentages	 are	 relative	 to	 ScGrx7wt.	 WT:	 ScGrx7	 wild-type;	 R153A:	
ScGrx7R153A;	R153E:	ScGrx7R153E.	
	










ScGrx7  (µM)  (s-1)  (µM)  (mM-1s-1) 
         
               WT  25  16.2  ± 0.2  100 %  67.5 ± 4.4 100 %  240  100 %  
R153A  25  6.6  ± 0.1  41 %  32.8  ± 2.0  49 %  201  84 %  
R153E  25  3.5  ± 0.0  22 %  27.1 ± 2.8  40 %  128  53 %  
               
               WT  50  30.4  ± 0.4  100 %  120 ± 5.6  100 %  253 100 %  
R153A  50  12.9  ± 0.1  42 %  56.2  ± 2.7  47 %  230  91 %  
R153E  50  6.6  ± 0.1  22 %  54.3  ± 3.4  45 %  122 48 %  
               
               WT 100 53.3  ± 0.9  100 % 211 ± 11.1  100 % 253 100 %  
R153A  100  24.2  ± 0.3  45 %  110  ± 4.8  52 %  221 87 %  
R153E  100  13.4  ± 0.1  25 %  101  ± 4.3 48 %  133 53 %  
               
               WT  150  68.0 ± 2.4  100 %  244 ± 27.1  100 %  279  100 %  
R153A  150  31.6  ± 0.6  46 %  118  ± 8.0  48 %  268 96 %  
R153E  150  17.0  ± 0.2  25 %  130 ± 6.2 53 %  131  47 %  
               










ScGrx7  (µM)  (s-1)  (µM)  (mM-1s-1) 
         
               WT  50  13.3 ± 0.5  100 %  22.1 ± 3.3  100 %  603 100 %  
R153A  50  14.1 ± 0.3  106 %  66.5 ± 3.5  306 %  212 35 %  
R153E 50 8.1 ± 1.5 61 % 64.1 ± 27.3  290 % 126 21 %  
               
               WT  100  23.2 ± 0.7  100 %  36.4 ± 3.1  100 %  639 100 %  
R153A  100  22.5 ± 1.2  97 %  88.5 ± 9.5  243 %  254 40 %  
R153E  100  11.9 ± 2.0  51 %  82.7 ± 30.3 227 %  144 23 %  
               
               WT  200  45.8 ± 2.6  100 %  70.7 ± 9.0  100 %  648 100 %  
R153A  200  37.1 ± 1.2 81 %  135 ± 7.6  191 %  276 43 %  
R153E  200  19.5 ± 2.6  43 %  136 ± 32.2  192 %  144 22 %  
               WT  1000  114 ± 13.0  100 %  155 ± 29.9  100 %  735 100 %  
R153A  1000  79.0 ± 5.8 69 %  270 ± 28.2 174 %  293 40 %  
R153E  1000  52.2 ± 4.1  46 %  332 ± 19.0  214 %  145 20 %  


















values	 (in	 brackets)	were	 omitted	 from	 the	 linear	 regression	 analysis.	 All	 data	 points	 represent	 the	mean	 ±	















A) GSSCys assay PfGrx (Fig. 34, Supplementary Fig. 1 and Supplementary Table 1) 
A1.1) kcatapp(GSSCys) @ 300 µM GSH 
Comparison           P-value 
DM à K26A <0.001 *** 
DM  à D90A <0.001 *** 
K26A à D90A <0.001 *** 
 
A1.2) kcatapp(GSSCys) @ 500 µM GSH 
Comparison           P-value 
DM à K26A <0.001 *** 
DM  à D90A <0.001 *** 
K26A à D90A <0.001 *** 
 
A1.3) kcatapp(GSSCys) @ 1000 µM GSH 
Comparison           P-value 
DM à K26A <0.001 *** 
DM  à D90A <0.001 *** 
K26A à D90A <0.001 *** 
 
A1.4) kcatapp(GSSCys) @ 2000 µM GSH 
Comparison           P-value 
DM à K26A <0.001 *** 
DM  à D90A <0.001 *** 
K26A à D90A <0.001 *** 
 
A2.1) kcatapp(GSH) @ 25 µM GSSCys 
Comparison           P-value 
DM à K26A <0.001 *** 
DM  à D90A <0.001 *** 
K26A à D90A <0.001 *** 
 
A2.2) kcatapp(GSH) @ 50 µM GSSCys 
Comparison           P-value 
DM à K26A <0.001 *** 
DM  à D90A   0.002 ** 
K26A à D90A <0.001 *** 
 
A2.3) kcatapp(GSH) @ 100 µM GSSCys 
Comparison           P-value 
DM à K26A <0.001 ***
DM  à D90A   0.247 ns 
K26A à D90A <0.001 *** 
 
A2.4) kcatapp(GSH) @ 150 µM GSSCys 
Comparison           P-value 
DM à K26A <0.001 *** 
DM  à D90A   0.354 ns 
K26A à D90A <0.001 *** 
A3.1) Kmapp(GSSCys) @ 300 µM GSH 
Comparison           P-value 
DM à K26A <0.001 *** 
DM  à D90A <0.001 *** 
K26A à D90A   0.002 ** 
 
A3.2) Kmapp(GSSCys) @ 500 µM GSH 
Comparison           P-value 
DM à K26A   0.002 ** 
DM  à D90A   0.004 ** 
K26A à D90A   0.006 ** 
 
A3.3) Kmapp(GSSCys) @ 1000 µM GSH 
Comparison           P-value 
DM à K26A   0.004 ** 
DM  à D90A <0.001 *** 
K26A à D90A   0.018 * 
 
A3.4) Kmapp(GSSCys) @ 2000 µM GSH 
Comparison           P-value 
DM à K26A   0.006 ** 
DM  à D90A <0.001 *** 
K26A à D90A   0.028 * 
 
A4.1) Kmapp(GSH) @ 25 µM GSSCys 
Comparison           P-value 
DM à K26A <0.001 *** 
DM  à D90A   0.002 ** 
K26A à D90A   0.001 *** 
 
A4.2) Kmapp(GSH) @ 50 µM GSSCys 
Comparison           P-value 
DM à K26A <0.001 *** 
DM  à D90A   0.007 ** 
K26A à D90A   0.001 *** 
 
A4.3) Kmapp(GSH) @ 100 µM GSSCys 
Comparison           P-value 
DM à K26A <0.001 ***
DM  à D90A   0.232 ns 
K26A à D90A <0.001 *** 
A4.4) Kmapp(GSH) @ 150 µM GSSCys 
Comparison           P-value 
DM à K26A <0.001 *** 
DM  à D90A   0.002 ** 





B) HEDS assay PfGrx (Fig. 35, Supplementary Fig. 3 and Supplementary Table 2) 
B1.1) kcatapp(HEDS) @ 250 µM GSH 
Comparison           P-value 
DM à K26A <0.001 *** 
DM  à D90A <0.001 *** 
K26A à D90A <0.001 *** 
 
B1.2) kcatapp(HEDS) @ 500 µM GSH 
Comparison           P-value 
DM à K26A <0.001 *** 
DM  à D90A <0.001 *** 
K26A à D90A <0.001 *** 
 
B1.3) kcatapp(HEDS) @ 1000 µM GSH 
Comparison           P-value 
DM à K26A <0.001 *** 
DM  à D90A <0.001 *** 
K26A à D90A <0.001 *** 
 
B1.4) kcatapp(HEDS) @ 2000 µM GSH 
Comparison           P-value 
DM à K26A <0.001 *** 
DM  à D90A   0.933 ns 
K26A à D90A <0.001 *** 
 
B2.1) kcatapp(GSH) @ 0.18 mM HEDS  
Comparison           P-value 
DM à K26A <0.001 *** 
DM  à D90A <0.001 *** 
K26A à D90A <0.001 *** 
 
B2.2) kcatapp(GSH) @ 0.37 mM HEDS
Comparison           P-value 
DM à K26A <0.001 *** 
DM  à D90A <0.001 *** 
K26A à D90A <0.001 *** 
 
B2.3) kcatapp(GSH) @ 0.55 mM HEDS 
Comparison           P-value 
DM à K26A <0.001 *** 
DM à D90A 0.004 **
K26A à D90A <0.001 *** 
 
B2.4) kcatapp(GSH) @ 0.74 mM HEDS 
Comparison           P-value 
DM à K26A <0.001 *** 
DM  à D90A   0.013 * 





B3.1) Kmapp(HEDS) @ 250 µM GSH 
Comparison           P-value 
DM à K26A   0.187 ns 
DM  à D90A   0.020 * 
K26A à D90A   0.281 ns 
 
B3.2) Kmapp(HEDS) @ 500 µM GSH 
Comparison           P-value 
DM à K26A   0.324 ns 
DM  à D90A   0.127 ns 
K26A à D90A   0.354 ns 
 
B3.3) Kmapp(HEDS) @ 1000 µM GSH 
Comparison           P-value 
DM à K26A   0.137 ns 
DM  à D90A   0.004 ** 
K26A à D90A   0.241 ns 
 
B3.4) Kmapp(HEDS) @ 2000 µM GSH 
Comparison           P-value 
DM à K26A   0.049 * 
DM  à D90A   0.007 ** 
K26A à D90A   0.672 ns 
 
B4.1) Kmapp(GSH) @ 0.18 mM HEDS 
Comparison           P-value 
DM à K26A   0.542 ns 
DM  à D90A   0.042 * 
K26A à D90A   0.029 * 
 
B4.2) Kmapp(GSH) @ 0.37 mM HEDS
Comparison           P-value 
DM à K26A   0.190 ns 
DM  à D90A   0.015 * 
K26A à D90A   0.038 * 
 
B4.3) Kmapp(GSH) @ 0.55 mM HEDS 
Comparison           P-value 
DM à K26A   0.069 ns 
DM à D90A 0.118 ns
K26A à D90A   0.735 ns 
B4.4) Kmapp(GSH) @ 0.74 mM HEDS 
Comparison          P-value
DM à K26A   0.005 ** 
DM  à D90A   0.262 ns 





C) GSSCys assay ScGrx7Y110X (Fig. 36, Supplementary Fig. 5 and Supplementary Table 3)  
 
C1.1) kcatapp(GSSCys) @ 50 µM GSH 
Comparison           P-value 
WT  à Y110F 0.019 * 
WT  à Y110H     < 0.001 *** 
WT à Y110A     <0.001 ***
Y110F à Y110H     < 0.001 *** 
Y110F à Y110A     < 0.001 *** 
Y110H à Y110A     < 0.001 *** 
 
 
C1.2) kcatapp(GSSCys) @ 100 µM GSH 
Comparison           P-value 
WT  à Y110F 0.101 ns 
WT  à Y110H 0.033 * 
WT à Y110A     <0.001 ***
Y110F à Y110H 0.004 ** 
Y110F à Y110A     < 0.001 ***  
Y110H à Y110A     < 0.001 *** 
 
 
C1.3) kcatapp(GSSCys) @ 200 µM GSH 
Comparison           P-value 
WT  à Y110F 0.070 ns 
WT  à Y110H 0.009 * 
WT  à Y110A     < 0.001 *** 
Y110F à Y110H 0.001 *** 
Y110F à Y110A     < 0.001 ***  
Y110H à Y110A 0.012 * 
 
 
C1.4) kcatapp(GSSCys) @ 1000 µM GSH 
Comparison           P-value 
WT  à Y110F 0.413 ns 
WT  à Y110H 0.013 * 
WT  à Y110A 0.002 ** 
Y110F à Y110H 0.032 * 
Y110F à Y110A 0.004 **  
Y110H à Y110A 0.199 ns 
 
C2.1) kcatapp(GSH) @ 25 µM GSSCys 
Comparison           P-value 
WT  à Y110F 0.017 * 
WT  à Y110H     < 0.001 *** 
WT à Y110A     <0.001 ***
Y110F à Y110H     < 0.001 *** 
Y110F à Y110A     < 0.001 ***  
Y110H à Y110A     < 0.001 *** 
 
 
C2.2) kcatapp(GSH) @ 50 µM GSSCys 
Comparison           P-value 
WT  à Y110F     < 0.001 *** 
WT  à Y110H     < 0.001 *** 
WT à Y110A     <0.001 ***
Y110F à Y110H     < 0.001 *** 
Y110F à Y110A     < 0.001 ***  
Y110H à Y110A 0.001 *** 
 
 
C2.3) kcatapp(GSH) @ 100 µM GSSCys 
Comparison           P-value 
WT  à Y110F 0.001 *** 
WT  à Y110H     < 0.001 *** 
WT  à Y110A     < 0.001 *** 
Y110F à Y110H     < 0.001 *** 
Y110F à Y110A     < 0.001 ***  
Y110H à Y110A 0.001 *** 
 
 
C2.4) kcatapp(GSH) @ 150 µM GSSCys 
Comparison           P-value 
WT  à Y110F     < 0.001 *** 
WT  à Y110H     < 0.001 *** 
WT  à Y110A     < 0.001 *** 
Y110F à Y110H     < 0.001 *** 
Y110F à Y110A      0.004 **  



































C3.1) Kmapp(GSSCys) @ 50 µM GSH 
Comparison           P-value 
WT  à Y110F 0.991 ns 
WT  à Y110H       0.011 * 
WT  à Y110A      0.032 * 
Y110F à Y110H        0.013 * 
Y110F à Y110A        0.041 * 
Y110H à Y110A     0.520 ns
 
 
C3.2) Kmapp(GSSCys) @ 100 µM GSH 
Comparison           P-value 
WT  à Y110F 0.807 ns 
WT  à Y110H     < 0.001 *** 
WT  à Y110A 0.237 ns 
Y110F à Y110H     < 0.001 *** 
Y110F à Y110A 0.236 ns  
Y110H à Y110A 0.006 **
 
 
C3.3) Kmapp(GSSCys) @ 200 µM GSH 
Comparison           P-value 
WT  à Y110F 0.747 ns 
WT  à Y110H 0.012 * 
WT  à Y110A 0.283 ns 
Y110F à Y110H 0.016 * 
Y110F à Y110A 0.317 ns  
Y110H à Y110A 0.111 ns 
 
 
C3.4) Kmapp(GSSCys) @ 1000 µM GSH 
Comparison           P-value 
WT  à Y110F 0.114 ns 
WT  à Y110H 0.672 ns 
WT  à Y110A 0.214 ns 
Y110F à Y110H 0.310 ns 
Y110F à Y110A 0.667 ns  
Y110H à Y110A 0.379 ns 
 
C4.1) Kmapp(GSH) @ 25 µM GSSCys 
Comparison           P-value 
WT  à Y110F 0.004 ** 
WT  à Y110H     < 0.001 *** 
WT  à Y110A 0.001 *** 
Y110F à Y110H 0.001 *** 
Y110F à Y110A 0.223 ns  
Y110H à Y110A 0.004 **
 
 
C4.2) Kmapp(GSH) @ 50 µM GSSCys 
Comparison           P-value 
WT  à Y110F 0.355 ns 
WT  à Y110H 0.001 *** 
WT  à Y110A 0.151 ns 
Y110F à Y110H     < 0.001 *** 
Y110F à Y110A 0.051 ns  
Y110H à Y110A 0.012 *
 
 
C4.3) Kmapp(GSH) @ 100 µM GSSCys 
Comparison           P-value 
WT  à Y110F 0.949 ns 
WT  à Y110H 0.003 ** 
WT  à Y110A 0.072 ns 
Y110F à Y110H 0.003 ** 
Y110F à Y110A 0.096 ns  
Y110H à Y110A 0.071 ns 
 
 
C4.4) Kmapp(GSH) @ 150 µM GSSCys 
Comparison           P-value 
WT  à Y110F 0.608 ns 
WT  à Y110H     < 0.001 *** 
WT  à Y110A 0.017 * 
Y110F à Y110H     < 0.001 *** 
Y110F à Y110A 0.012 *  





















D) HEDS assay ScGrx7Y110X (Fig. 37, Supplementary Fig. 7 and Supplementary Table 4)  
 
D1.1) kcatapp(HEDS) @ 300 µM GSH 
Comparison           P-value 
WT  à Y110F 0.596 ns 
WT  à Y110H 0.007 ** 
WT à Y110A     0.001 ***
Y110F à Y110H 0.011 * 
Y110F à Y110A      0.002 **  
Y110H à Y110A     0.262 ns 
 
 
D1.2) kcatapp(HEDS) @ 500 µM GSH 
Comparison           P-value 
WT  à Y110F 0.223 ns 
WT  à Y110H     < 0.001 *** 
WT à Y110A     <0.001 ***
Y110F à Y110H     < 0.001 *** 
Y110F à Y110A     < 0.001 ***  
Y110H à Y110A 0.196 ns 
 
 
D1.3) kcatapp(HEDS) @ 1000 µM GSH 
Comparison           P-value 
WT  à Y110F 0.298 ns 
WT  à Y110H      0.011 * 
WT  à Y110A      0.004 ** 
Y110F à Y110H      0.003 ** 
Y110F à Y110A      0.001 ***  
Y110H à Y110A      0.325 ns 
 
 
D1.4) kcatapp(HEDS) @ 1500 µM GSH 
Comparison           P-value 
WT  à Y110F 0,033 * 
WT  à Y110H 0,012 * 
WT  à Y110A 0.003 ** 
Y110F à Y110H     < 0.001 *** 
Y110F à Y110A     < 0.001 ***  
Y110H à Y110A 0.218 ns 
 
D2.1) kcatapp(GSH) @ 0.18 mM HEDS 
Comparison           P-value 
WT  à Y110F     < 0.001 *** 
WT  à Y110H     < 0.001 *** 
WT à Y110A     <0.001 ***
Y110F à Y110H     < 0.001 *** 
Y110F à Y110A     < 0.001 ***  
Y110H à Y110A      0.139 ns 
 
 
D2.2) kcatapp(GSH) @ 0.37 mM HEDS 
Comparison           P-value 
WT  à Y110F     < 0.001 *** 
WT  à Y110H     < 0.001 *** 
WT à Y110A     <0.001 ***
Y110F à Y110H     < 0.001 *** 
Y110F à Y110A     < 0.001 ***  
Y110H à Y110A 0.005 ** 
 
 
D2.3) kcatapp(GSH) @ 0.55 mM HEDS 
Comparison           P-value 
WT  à Y110F      0.010 ** 
WT  à Y110H     < 0.001 *** 
WT  à Y110A     < 0.001 *** 
Y110F à Y110H     < 0.001 *** 
Y110F à Y110A     < 0.001 ***  
Y110H à Y110A 0.010 ** 
 
 
D2.4) kcatapp(GSH) @ 0.74 mM HEDS 
Comparison           P-value 
WT  à Y110F      0.057 ns 
WT  à Y110H     < 0.001 *** 
WT  à Y110A     < 0.001 *** 
Y110F à Y110H     < 0.001 *** 
Y110F à Y110A     < 0.001 ***  



































D3.1) Kmapp(HEDS) @ 300 µM GSH 
Comparison           P-value 
WT  à Y110F 0.511 ns 
WT  à Y110H      0.511 ns 
WT  à Y110A 0.511 ns  
Y110F à Y110H      0.511 ns 
Y110F à Y110A 0.511 ns  
Y110H à Y110A 0.511 ns
 
 
D3.2) Kmapp(HEDS) @ 500 µM GSH 
Comparison           P-value 
WT  à Y110F 0.182 ns 
WT  à Y110H 0.182 ns 
WT  à Y110A 0.182 ns 
Y110F à Y110H 0.182 ns 
Y110F à Y110A 0.182 ns 
Y110H à Y110A 0.182 ns
 
 
D3.3) Kmapp(HEDS) @ 1000 µM GSH 
Comparison           P-value 
WT  à Y110F 0.039 * 
WT  à Y110H      0.289 ns 
WT  à Y110A 0.816 ns 
Y110F à Y110H 0.305 ns 
Y110F à Y110A 0.033 *  
Y110H à Y110A 0.293 ns 
 
 
D3.4) Kmapp(HEDS) @ 1500 µM GSH 
Comparison           P-value 
WT  à Y110F 0.037 * 
WT  à Y110H 0.250 ns 
WT  à Y110A 0.723 ns 
Y110F à Y110H 0.261 ns 
Y110F à Y110A 0.026 *  
Y110H à Y110A 0.272 ns 
 
 
D4.1) Kmapp(GSH) @ 0.18 mM HEDS 
Comparison           P-value 
WT  à Y110F 0.966 ns 
WT  à Y110H 0.966 ns 
WT  à Y110A 0.966 ns 
Y110F à Y110H 0.966 ns 
Y110F à Y110A 0.966 ns  
Y110H à Y110A 0.966 ns
 
 
D4.2) Kmapp(GSH) @ 0.37 mM HEDS 
Comparison           P-value 
WT  à Y110F 0.884 ns 
WT  à Y110H 0.525 ns 
WT  à Y110A 0.159 ns 
Y110F à Y110H     0.470 ns 
Y110F à Y110A 0.156 ns  
Y110H à Y110A 0.022 *
 
 
D4.3) Kmapp(GSH) @ 0.55 mM HEDS 
Comparison           P-value 
WT  à Y110F 0.443 ns 
WT  à Y110H 0.057 ns 
WT  à Y110A 0.621 ns 
Y110F à Y110H 0.277 ns 
Y110F à Y110A 0.594 ns  
Y110H à Y110A 0.084 ns 
 
 
D4.4) Kmapp(GSH) @ 0.74 mM HEDS 
Comparison           P-value 
WT  à Y110F 0.146 ns 
WT  à Y110H 0.146 ns 
WT  à Y110A 0.146 ns  
Y110F à Y110H 0.146 ns  
Y110F à Y110A 0.146 ns 






E) GSSCys assay ScGrx7D144X (Fig. 38, Supplementary Fig. 9 and Supplementary Table 5)  
 
E1.1) kcatapp(GSSCys) @ 50 µM GSH 
Comparison           P-value 
WT  à D144A 0.040 * 
WT  à D144K     < 0.001 *** 
D144A à D144K     0.001 ***
 
E1.2) kcatapp(GSSCys) @ 100 µM GSH 
Comparison          P-value
WT  à D144A 0.453 ns 
WT  à D144K      0.008 ** 
D144A à D144K      0.013 * 
 
E1.3) kcatapp(GSSCys) @ 200 µM GSH 
Comparison           P-value 
WT  à D144A 0.576 ns 
WT  à D144K     < 0.001 *** 
D144A à D144K     < 0.001 *** 
 
E1.4) kcatapp(GSSCys) @ 1000 µM GSH 
Comparison           P-value 
WT  à D144A 0.682 ns 
WT  à D144K      0.038 * 
D144A à D144K      0.043 * 
 
 
E2.1) kcatapp(GSH) @ 25 µM GSSCys 
Comparison           P-value 
WT  à D144A     <0.001 *** 
WT  à D144K     < 0.001 *** 
D144A à D144K     < 0.001 *** 
 
E2.2) kcatapp(GSH) @ 50 µM GSSCys 
Comparison           P-value 
WT  à D144A     < 0.001 *** 
WT  à D144K     < 0.001 *** 
D144A à D144K      0.012 * 
 
E2.3) kcatapp(GSH) @ 100 µM GSSCys 
Comparison           P-value 
WT  à D144A     < 0.001 *** 
WT  à D144K     < 0.001 *** 
D144A à D144K       0.131 ns 
 
E2.4) kcatapp(GSH) @ 150 µM GSSCys 
Comparison           P-value 
WT  à D144A 0.027 * 
WT  à D144K      0.032 * 
D144A à D144K      0.855 ns 
 
E3.1) Kmapp(GSSCys) @ 50 µM GSH 
Comparison           P-value 
WT  à D144A 0.035 * 
WT  à D144K      0.020 * 
D144A à D144K     0.437 ns
 
E3.2) Kmapp(GSSCys) @ 100 µM GSH 
Comparison          P-value
WT  à D144A 0.034 * 
WT  à D144K      0.005 ** 
D144A à D144K      0.066 ns 
 
E3.3) Kmapp(GSSCys) @ 200 µM GSH 
Comparison           P-value 
WT  à D144A 0.443 ns 
WT  à D144K      0.002 ** 
D144A à D144K      0.003 ** 
 
E3.4) Kmapp(GSSCys) @ 1000 µM GSH 
Comparison           P-value 
WT  à D144A 0.119 ns 
WT  à D144K      0.018 * 
D144A à D144K      0.112 ns 
 
 
E4.1) Kmapp(GSH) @ 25 µM GSSCys 
Comparison           P-value 
WT  à D144A 0.813 ns 
WT  à D144K     < 0.001 *** 
D144A à D144K     < 0.001 *** 
 
E4.2) Kmapp(GSH) @ 50 µM GSSCys 
Comparison           P-value 
WT  à D144A 0.056 ns 
WT  à D144K     < 0.001 *** 
D144A à D144K      0.004 ** 
 
E4.3) Kmapp(GSH) @ 100 µM GSSCys 
Comparison           P-value 
WT  à D144A 0.366 ns 
WT  à D144K     < 0.001 *** 
D144A à D144K      0.001 *** 
 
E4.4) Kmapp(GSH) @ 150 µM GSSCys 
Comparison           P-value 
WT  à D144A 0.325 ns 
WT  à D144K      0.020 * 






F) GSSCys assay ScGrx7E147X (Fig. 39, Supplementary Fig. 11 and Supplementary Table 6)  
F1.1) kcatapp(GSSCys) @ 50 µM GSH 
Comparison           P-value 
WT  à E147A 0.999 ns 
WT  à E147K     < 0.001 *** 
E147A à E147K     < 0.001 *** 
 
F1.2) kcatapp(GSSCys) @ 100 µM GSH 
Comparison           P-value 
WT  à E147A 0.317 ns 
WT  à E147K     < 0.001 *** 
E147A à E147K     < 0.001 *** 
 
F1.3) kcatapp(GSSCys) @ 200 µM GSH 
Comparison           P-value 
WT  à E147A 0.840 ns 
WT  à E147K     < 0.001 *** 
E147A à E147K     < 0.001 *** 
 
F1.4) kcatapp(GSSCys) @ 1000 µM GSH 
Comparison           P-value 
WT  à E147A 0.427 ns 
WT  à E147K     < 0.001 *** 
E147A à E147K     < 0.001 *** 
 
 
F2.1) kcatapp(GSH) @ 25 µM GSSCys 
Comparison           P-value 
WT  à E147A 0.054 ns 
WT  à E147K      0.006 ** 
E147A à E147K      0.058 ns 
 
F2.2) kcatapp(GSH) @ 50 µM GSSCys 
Comparison           P-value 
WT  à E147A 0.037 * 
WT  à E147K      0.004 ** 
E147A à E147K      0.042 * 
 
F2.3) kcatapp(GSH) @ 100 µM GSSCys 
Comparison           P-value 
WT  à E147A 0.003 ** 
WT  à E147K     < 0.001 *** 
E147A à E147K      0.002 ** 
 
F2.4) kcatapp(GSH) @ 150 µM GSSCys 
Comparison           P-value 
WT  à E147A 0.003 ** 
WT  à E147K      0.021 * 
E147A à E147K      0.063 ns 
 
 
F3.1) Kmapp(GSSCys) @ 50 µM GSH 
Comparison           P-value 
WT  à E147A 0.550 ns 
WT  à E147K      0.002 ** 
E147A à E147K      0.002 ** 
 
F3.2) Kmapp(GSSCys) @ 100 µM GSH 
Comparison           P-value 
WT  à E147A 0.641 ns 
WT  à E147K      0.001 *** 
E147A à E147K      0.001 *** 
 
F3.3) Kmapp(GSSCys) @ 200 µM GSH 
Comparison           P-value 
WT  à E147A 0.984 ns 
WT  à E147K      0.012 * 
E147A à E147K      0.018 * 
 
F3.4) Kmapp(GSSCys) @ 1000 µM GSH 
Comparison           P-value 
WT  à E147A 0.539 ns 
WT  à E147K      0.002 ** 
E147A à E147K      0.001 *** 
 
 
F4.1) Kmapp(GSH) @ 25 µM GSSCys 
Comparison           P-value 
WT  à E147A 0.125 ns 
WT  à E147K      0.025 * 
E147A à E147K      0.005 ** 
 
F4.2) Kmapp(GSH) @ 50 µM GSSCys 
Comparison           P-value 
WT  à E147A 0.042 * 
WT  à E147K      0.025 * 
E147A à E147K      0.003 ** 
 
F4.3) Kmapp(GSH) @ 100 µM GSSCys 
Comparison           P-value 
WT  à E147A 0.122 ns 
WT  à E147K      0.005 ** 
E147A à E147K      0.002 ** 
F4.4) Kmapp(GSH) @ 150 µM GSSCys
Comparison           P-value 
WT  à E147A 0.008 ** 
WT  à E147K      0.016 * 







G) GSSCys assay ScGrx7R153X (Fig. 40, Supplementary Fig. 13 and Supplementary Table 7) 
 
G1.1) kcatapp(GSSCys) @ 50 µM GSH 
Comparison           P-value 
WT  à R153A 0.549 ns 
WT  à R153E      0.013 * 
R153A à R153E     0.010 **
 
G1.2) kcatapp(GSSCys) @ 100 µM GSH 
Comparison          P-value
WT  à R153A 0.710 ns 
WT  à R153E      0.004 ** 
R153A à R153E      0.004 ** 
 
G1.3) kcatapp(GSSCys) @ 200 µM GSH 
Comparison           P-value 
WT  à R153A 0.033 * 
WT  à R153E     < 0.001 *** 
R153A à R153E      0.003 ** 
 
G1.4) kcatapp(GSSCys) @ 1000 µM GSH 
Comparison           P-value 
WT  à R153A 0.125 ns 
WT  à R153E      0.005 ** 
R153A à R153E      0.021 * 
 
 
G2.1) kcatapp(GSH) @ 25 µM GSSCys 
Comparison           P-value 
WT  à R153A     < 0.001 *** 
WT  à R153E     < 0.001 *** 
R153A à R153E     < 0.001 *** 
 
G2.2) kcatapp(GSH) @ 50 µM GSSCys 
Comparison           P-value 
WT  à R153A     < 0.001 *** 
WT  à R153E     < 0.001 *** 
R153A à R153E     < 0.001 *** 
 
G2.3) kcatapp(GSH) @ 100 µM GSSCys 
Comparison           P-value 
WT  à R153A     < 0.001 *** 
WT  à R153E     < 0.001 *** 
R153A à R153E     < 0.001 *** 
 
G2.4) kcatapp(GSH) @ 150 µM GSSCys 
Comparison           P-value 
WT  à R153A     < 0.001 *** 
WT  à R153E     < 0.001 *** 
R153A à R153E     < 0.001 *** 
 
G3.1) Kmapp(GSSCys) @ 50 µM GSH 
Comparison           P-value 
WT  à R153A 0.043 * 
WT  à R153E      0.036 * 
R153A à R153E     0.857 ns
 
G3.2) Kmapp(GSSCys) @ 100 µM GSH 
Comparison          P-value
WT  à R153A 0.039 * 
WT  à R153E      0.043 * 
R153A à R153E      0.713 ns 
 
G3.3) Kmapp(GSSCys) @ 200 µM GSH 
Comparison           P-value 
WT  à R153A 0.015 * 
WT  à R153E      0.021 * 
R153A à R153E      0.950 ns 
 
G3.4) Kmapp(GSSCys) @ 1000 µM GSH 
Comparison           P-value 
WT  à R153A 0.008 ** 
WT  à R153E      0.011 * 
R153A à R153E      0.970 ns 
 
 
G4.1) Kmapp(GSH) @ 25 µM GSSCys 
Comparison           P-value 
WT  à R153A     < 0.001 *** 
WT  à R153E     < 0.001 *** 
R153A à R153E      0.255 ns 
 
G4.2) Kmapp(GSH) @ 50 µM GSSCys 
Comparison           P-value 
WT  à R153A     < 0.001 *** 
WT  à R153E     < 0.001 *** 
R153A à R153E      0.760 ns 
 
G4.3) Kmapp(GSH) @ 100 µM GSSCys 
Comparison           P-value 
WT  à R153A     < 0.001 *** 
WT  à R153E     < 0.001 *** 
R153A à R153E      0.454 ns 
G4.4) Kmapp(GSH) @ 150 µM GSSCys 
Comparison           P-value 
WT  à R153A 0.005 ** 
WT  à R153E      0.006 ** 
R153A à R153E      0.611 ns
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